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PREFACE

This revision marks several changes to the PHREEQE Source
Code and Data Base. The current version is written in Fortran 77
and runs on a Prime, Inc. Model 850 minicomputer. Attachment B
lists the current Fortran 77 Source Code. The convergence
criteria used in the Newton-Raphson iteration scheme have been
improved. Convergence is still not assured, but fewer problems
have been encountered in testing. A new keyword, KNOBS, has been
added which gives the user capability to adjust the convergence
criteria. KNOBS input is described under "Description of Input".
A new unit of input concentration, mmol/kg of solution, is now
accepted (IUNITS=4). The form of the analytical expression for
Log K under MINERALS and LOOK MIN input has been changed to

log K=A + BT + C/T +D log T + E/T?

and corresponding changes to the data base have been made.

Attachment A lists the current PHREEQE data base. Changes have
been made to the equilibrium constant expressions for calcite,
aragonite, strontianite, celestite, gypsum, anhydrite, siderite,
and barite. Aqueous species affected include CaHCO}, CaCO3,

CO,(aq), HCO3, CO3~, SrHCO{. SrCO$, and SrSO2. Most of these
revisions reflect two recent publications (Plummer and Busenberg,
1982; and Busenberg, Plummer, and Parker, 1984). But, in general,
the data base remains little changed. undocumented and should not
be used without careful checking. A companion program to PHREEQE
(PHRQINPT) is now available for interactive construction of PHREEQE
input data sets (Fleming and Plummer, 1983).

With this revision, only Test Problem 1 has been updated to the
current version and data base. The test results of Test Problems
2-5 given in the section "Test Problems" have not been updated.
Because of the changes mentioned above, similar, but not identical,
results can be expected for Test Problems 2-5.

Plummer, L.N., and Busenberg, E., 1982, The solubilities of calcite,
aragonite and vaterite in CO,-H20 solutions between 0 and
90°C, and an evaluation of the aqueous model for the
system CaCO3-CO,-H;0: Geochimica et Cosmochimica Acta,

v. 46, p. 1011-1040.

Fleming, G.W., and Plummer, L.N., 1983, PHRQINPT - An interactive
computer program for constructing input data sets to the
geochemical simulation program PHREEQE: U.S. Geological
Survey Water-Resources Investigations Report 83-4236, 108 p.
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Busenberg, E., Plummer, L.N., and Parker, V.B., 1984, The solubility
of strontianite (SrCO3z) in CO3-Hy;0 solutions between 2 and
91°C, the association constants of SrHCOY (aq) and SrCO$ (aq)
between 5 and 80°C, and an evaluation of the thermodynamic
properties of Sr2+(aq) and SrCOz(cr) at 25°C and 1 atm total
pressure: Geochimica et Cosmochimica Acta, v. 48, p. 2021-2035.

DLP, DCT, LNP
January 14, 1985

PREFACE FOR AUGUST 1990 REVISION

A new data base is included with this revision of PHREEQE. The
data listed in Attachment A are consistent with the data published
by Nordstrom and others, 1990. The new listing of source code is
found in Attachment B. Only minor revisions have been made to the
numerical method of the program. However, changes have been made
(1) to streamline the linear equation solver, (2) to enable the
aqueous model to be enlarged, and (3) to simplify the definition
of file unit numbers.

The linear equation solver, subroutine SLNQ, has been streamlined
to perform only Gaussian elimination (eliminating the determinant
option that was not used) and to increase execution speed.

Changes have been made in the source code to facilitate the use of
PHREEQE for problems that require larger numbers of elements and
(or) species than were previously allowed. The sizes of the data
arrays for ELEMENTS, SPECIES, LOOK MIN, MINERALS, and SUMS are now
set at compile time by one Fortran PARAMETER statement located in
the COMMON.BLOCKS file. The following parameters define the sizes
of arrays:

MAXT - the maximum number of ELEMENTS and master species.
Default is 30.

MAXS - the maximum number of aqueous SPECIES. Default is
250.

MAXM - the maximum number of MINERALS. Default is 20.

MAXLK - the maximum number of LOOK MIN minerals. Default
is 200.

MAXSUM - the maximum number of SUMS. Default is 10.
MXINSM - the maximum number of species that can be included
in any one of the SUMS. Default is 50.

-vii-



The default sizes are the same as previous versions of PHREEQE
except that the number of LOOK MIN minerals has been increased
from 40 to 200. Enlarging the array sizes should cause no
problems with the execution of the program, except for the case

of MAXT. Enlarging MAXT has important consequences to the rest of
the data base. The current data base begins numbering complexes
(non-master species) at 31 (that is, greater than the default MAXT
of 30). If MAXT is made larger, then the numbering of complexes
must be changed so that all numbers of complexes are greater than
the new MAXT. A further consequence is that some MINERAL and LOOK
MIN minerals can contain complexes in their dissociation reactions.
Care must be taken to ensure that any changes to the numbering of
complexes are also applied to mineral formulas.

Another change to the source code was made to facilitate the
handling of file unit numbers by PC’s and other computers. The
three files needed to run PHREEQE are the input file, the output
file, and the data base. The Fortran unit numbers for these files
are now defined in one Fortran PARAMETER statement in the
COMMON.BLOCKS file. The parameter names and the default settings
are: IR = 5, input file; IW = 6, output file; and IDB = 11, data
base. The default settings are the same as previous versions of
PHREEQE. The three files are not opened within the Fortran code.
Either, (1) the files can be opened externally to the program at
the computer operating system level before execution (this provides
the greatest flexibility for changing the file names) or (2) the
Fortran code can be modified to include OPEN statements. The file
names could be “hard coded” in OPEN statements (changing file names
would require recompilation) or an interactive section of code could
be written to solicit the names of the files, which are then opened
with OPEN statements.

An interactive program, PHRQINPT, has been published that creates
an input file for PHREEQE (Fleming and Plummer, 1983). This
program solicits and formats the data necessary to run PHREEQE.
Help is available at each prompt to explain the type of data being
requested and the program contains error checking to ensure that
all necessary data are included.

A separate version of PHREEQE, named PHRQPITZ, has been written and
published (Plummer and others, 1988). This version uses a specific
ion interaction approach to calculate activity coefficients (Pitzer,
1979 among others). PHRQPITZ is designed to provide more reliable
geochemical calculations for brines. The current state of the
specific ion interaction approach does not allow calculations
involving redox and there are no interaction parameters for
aluminum or silicon. Plummer and others (1988) describe the
theoretical basis, review the literature values for interaction
parameters, provide directions for the use of the program, present
several sample problems, and describe the use of an interactive
input program (PITZINPT).
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Machine-readable copies of all of the PHREEQE family of programs
(including PC versions) along with copies of the reports describing
the programs are available from the National Water Information
System of the Office for Scientific Information Management of the
Water Resources Division:

National Water Information System
U.S. Geological Survey
437 National Center
Reston, VA 22092
(703) 648-5686

Fleming, G.W. and Plummer, L.N., 1983, PHRQINPT--an interactive
computer program for constructing input data sets to the
geochemical simulation program PHREEQE: U.S. Geological
Survey Water-Resources Investigations Report 83-4236,

108 p.

Nordstrom, D.K., Plummer, L.N., Langmuir, Donald, Busenberg,
Eurybiades, May, H.M., Jones, B.F., and Parkhurst, D.L.,
1990, Revised chemical equilibrium data for major water-
mineral reactions and their limitations, in Bassett,
R.L. and Melchior, D. eds., Chemical modeling in aqueous
systems II: Washington D.C., American Chemical Society
Symposium Series 416, p. 398-413.

Pitzer, K.S., 1979, Theory: Ion interaction approach, inR.M.
Pytkowicz, (ed.), Activity Coefficients in Electrolyte
Solutions, v. 1: Boca Raton, Florida, CRC Press, Inc.,
p. 157-208.

Plummer, L.N., Parkhurst, D.L., Fleming, G.W., and Dunkle, S.A.,
1988, A computer program incorporating Pitzer’s equations
for calculation of geochemical reactions in brines: U.S.
Geological Survey Water-Resources Investigations Report
88-4153, 310 p.

DLP and LNP
August 1, 1990
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PHREEQE - A COMPUTER PROGRAM FOR GEOCHEMICAL CALCULATIONS

David L. Parkhurst, Donald C. Thorstenson, and L. Niel Plummer

ABSTRACT

PHREEQE is a Fortran IV computer program designed to model
geochemical reactions. Based on an ion pairing aqueous
model, PHREEQE can calculate pH, redox potential, and mass
transfer as a function of reaction progress. The compos-
ition of solutions in equilibrium with multiple phases

can be calculated. The aqueous model, including elements,
aqueous species, and mineral phases, is exterior to the
computer code and is completely user definable. This
report (1) explains the theory and equations on which the
program is based, (2) describes the card input necessary
to run the program, (3) contains five test cases and their
results, and (4) provides listings of the computer code and
the preliminary data base.

INTRODUCTION

This paper presents the latest in a series of computer programs
developed by U.S. Geological Survey personnel to deal with problems that
occur in surface and ground-water hydrogeochemical studies. Our purpose
is to present the code for the program PHREEQE 1/ and a sufficient theo-
retical discussion (on an elementary level) to provide the user with a
grasp of the basic chemical and thermodynamic concepts and assumptions
used in PHREEQE. We will not treat in any detail the general subject of
chemical modeling, as several recent and comprehensive reviews on the
subject are available (Leggett, 1977; Perrin, 1977; Nordstrom and others,
1979).

Earlier Geological Survey computer programs for dealing with natural
water chemistry have, in a sense, been outgrowths of the Garrels-Thompson
ion-association model for seawater (Garrels and Thompson, 1962). These
programs, which include WATEQ (Truesdell and Jones, 1974), SOLMNEQ

1/
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(Kharaka and Barnes, 1973), WATEQF (Plummer and others, 1976), and WATEQ2
(Ball and others, 1979), are designed to calculate solution speciation and
saturation states of the aqueous phase with respect to various mineral
phases, given analytical concentrations of the elements, pH, temperature,
and pe (if redox reactions are considered). A somewhat more sophisticated
program, MIX2, does not require pH as an input variable, and can simulate
heterogeneous reactions (excluding redox) and mixing of waters while fol-
lowing equilibrium with a single phase (Plummer and others, 1975). (Only
Geological Survey programs are listed; see the aforementioned references
for a general survey of the literature.)

The computer program PHREEQE is one of a smaller family of programs
that are capable of following one or more phase boundaries, and calculat-
ing pH and pe (as well as mass transfer and aqueous phase speciation) as
dependent variables in the calculations. In the geochemical literature,
these programs have largely been outgrowths of the work of Garrels and
Mackenzie (1967) and the theory and computer programs developed by
Helgeson and coworkers (Helgeson, 1968; Helgeson and others, 1969;
Helgeson and others, 1970).

PHREEQE can simulate several types of reactions including (1) ad-
dition of reactants to a solution, (2) mixing of two waters, and (3) ti-
trating one solution with another. In each of these cases PHREEQE can
simultaneously maintain the reacting solution at equilibrium with multiple
phase boundaries. The program calculates the following quantities during
the reaction simulation:

1. The pH.

2. The pe.

3. The total concentration of elements.

4, The amounts of minerals (or other phases) transferred into
or out of the aqueous. phase.

5. The distribution of aqueous species.

6. The saturation state of the aqueous phase with respect to
specified mineral phases.

In addition, the aqueous model is completely user definable with respect
to the elements and aqueous species included in the data base.

In the following sections we set out the conceptual framework of
PHREEQE and present some examples. In some cases we make simplifying
assumptions for purposes of comparison or discussion. Our purpose is to
try to present the basic concepts in PHREEQE with a minimum of formal
mathematics. For those who find this approach unsatisfactory, we refer
to the original works of Helgeson and coworkers, Wolery and Walters
(1975), or Wolery (1979).



As discussed by Nordstrom and others (1979), a distinction should
be made between the "aqueous model”, and the computer program that exe-
cutes the calculations based on the model. PHREEQE uses an ion—associ-
ation model that is based on the current aqueous models used in the USGS
programs WATEQ, SOLMNEQ, WATEQF, and WATEQ2. Although PHREEQE is linked
to the general approach of an ion-association model, the program allows
the aqueous model to be user defined through choice of input data.

Recent emphasis is being placed on new models for mixed electrolyte
solutions which, although semiempirical, are based on an equally sound
thermodynamic foundation (Reilly and others, 1971; Pitzer, 1973; Pitzer
and Mayorga, 1973, 1974; Pitzer and Kim, 1974; Pitzer, 1975; Wood, 1975).
Recent calculations (Harvie and Weare, 1980) show that some of these
models are more successful than the current ion association model used
in PHREEQE in highly concentrated solutions (brines).

EQUILIBRIUM EQUATIONS

We discuss first the basic mathematical concepts used in PHREEQE.
Because the aqueous model in PHREEQE is an extension of earlier work,
it will be only briefly summarized in this paper. For purposes of dis-
cussing the calculation philosophy of PHREEQE, we will initially ignore
the difference between the thermodynamic activity, a;, and concentration
(molality), m;, of species in aqueous solution, and, for now, refer to
[i] as the concentration/activity of species i. Although arbitrary,
this introduces no conceptual problem since for every species i, activity
and concentration, m,, are related by a; = 7v;my, where the activity co-
efficient, v;, can be defined for every species i. The arguments pre-
sented below are valid for any reaction path simulation program.

We begin our discussion with an analysis of a calculation for a
solution that does not involve redox equilibria. The information that
is needed to perform a calculation (this can represent the initial
solution composition, or a calculation at any specific point along a
reaction path) is the following:

Total Masses of Each Element in the System

These may represent analytical concentrations, real or assumed, in
a natural water, or in the case ‘of reaction paths, a new total concen-
tration dictated by a specified reaction being modeled. Whatever the
source, the total concentrations of the elements must be known for
PHREEQE to begin any given calculation at a reaction increment. The
total concentration of an element in the computer program must satisfy
mass balance. For example, mass balance on calcium is written



<
CATOT = < [Ca,]
i i

where CATOT is the total molality of calcium and ? [Cai] is the sum of

the molalities of all the calcium-bearing species in solution. (Terms
to include the calcium derived from mineral phases may also be present
in the mass balance equation, as described in Phase Equilibria below.)
Similar conservation relations are written for all the elements con-
sidered in the calculations, except H and O.

It is difficult to formulate a conservation equation for either
H or O because of the contribution of H,0. In PHREEQE we have sub-
stituted two other equations, electrica% neutrality and conservation
of electrons, for these two mass balance relations (see below).

Mass Action Equations for Ion Pairs

Except for the free ions (and mineral terms), all other terms appear-
ing in the mass balance equations for the elements are ion pairs formed
by the association of individual cations (X) and anions (Y). Thus, a
second and obvious set of data required by PHREEQE are the equilibrium
constants, K, for all the association reactions of the form

xX + yY = XXYy
(ignoring ion charge for simplicity) where K is given by the mass action
equation,

[ XXY

y ]

[x1*[Y )

The equilibrium constants are defined as a function of temperature,
K(T), either through specific empirical expressions or from the enthalpy
of reaction and the Van't Hoff equation.

The algebraic solution of a series of equations requires one inde-
pendent equation for each algebraic unknown. In the calculation problem
as we have presented it to this point, this criteria holds. That is,
for each element, i, considered, we have one mass balance equation for
one unknown concentration of the free species of each element and one
mass action equation for each unknown concentration of an ion pair.

This equality of equations and unknowns holds because we have not

yet considered H' and OH , which are not included in th$ above mass
balance equations. Thus we have two extra unknowns, [H'] and [OH ],

-



and one additional equation,

K

Hyo = [HTI[0H7]

(taking the activity of water to be unity for now), which leaves one
additional unknown, [HT] by arbitrary choice.

It is the treatment of this final wvariable that determines the
basic nature of the computer program in question. In WATEQ and its
derivative programs, pH is known analytically, input into the program,
and the aqueous speciation and degree of saturation of the aqueous
phase with respect to various mineral phases is calculated. In PHREEQE,
an additional equation is provided and pH can be calculated as a dependent
variable.

Electrical Neutrality

If pH is not input from analytical data, but is to be calculated,
another equation is required. This equation for calculating pH can be
derived from either mass balance (on O or H) or the electrical neutrality
constraint, and provides the capability for "path-following" programs.
PHREEQE uses the latter in calculation, that is, the pH of the solution
is adjusted until electrical neutrality is achieved within arbitrary
limits. Note that it is usually the effect of pH changes on other aq-
ueous species that adjusts the electrical balance rather than the molal-
ity of hydronium ion itself. (Other methods of defining electrical neu-
trality are discussed in the description of input.)

Phase Equilibria

We can now raise the question of phase equilibria (still ignoring
the question of redox reactions), and we find that conceptually, the
consideration of a mineral phase adds one algebraic unknown, MIN_ , which
is the quantity of the pth mineral phase precipitated or dissolved in a
given calculation. This term will appear in the mass balance equations
for each element in the solid phase (except H and 0). For example,
MINCaCO3 will appear as a term in both the carbon and calcium mass

balance equations. The additional equation required for each mineral
added to the system is provided by the solubility product constant for
the mineral (or a hydrolysis constant, or any other algebraically inde-—
pendent equilibrium constant) relating the mineral to the solution via
a mass action equation. So for each additional mineral, we have an
additional equation, and conceptually at least, the equations can be



solved. Thus, in PHREEQE, regardless of the number of phases considered
(provided the Gibbs phase rule is not violated), pH is ultimately speci-
fied by electrical neutrality. The available options for dealing with
chemical analyses that do not perfectly balance electrically will be
discussed later.

At this point we can conceptually specify an initial solution com
position (from analytical data), calculate an initial pH, and equili-
brate the solution with whatever phases we choose. Then, as a function
of reaction or changing conditions, changes in solution chemistry are
calculated. Unlike PATHI (Helgeson and coworkers) and related programs
which adjust the phases and the number of phases automatically, PHREEQE
requires the user to choose the exact phases present during the reaction.
(See test case 5 for use of PHREEQE in path finding problems.)

Conservation of Electrons

At this point we need to consider redox reactions, and the basic
differences between the role of H+ and e in solution chemistry. Protons,
or hydronium ions, H3O , occur as physical entities present in measurable
quantities in aqueous solutions. Electrons, on the other hand, although
their transfer is the basis for the definition of redox reactions, occur
in vanishingly small quantities under natural conditions. From a mathe-
matical point of view, the differences/similarities between H' and e are
that while the activities of either or both appear in the equilibrium
constant (mass action) equations defining activity ratios or products
of aqueous species, the H' ion appears in the electrical neutrality
equation whereas e does not because it does not occur in measurable
concentrations. (ad)

The introduction of pe (—loglo (a_-)) as a final algebraic unknown
in the set of variables requires one aﬁditional independent equation.
Again there are alternate sources for this final equation: it may be
obtained by coupling mass balance on O and H in the system with elec-
trical neutrality, or as in PHREEQE, from the fact that electrons must
be conserved in the system. By the latter statement, we simply mean
that although electrons do not appear (mathematically or physically)
in the aqueous phase, they cannot be created or destroyed in reactions.
For every molecule/ion that loses an electron through oxidation, some
other molecule/ion must gain an electron. An alternative statement of
this concept is that as long as electrons are neither added to nor
removed from the system, the net valence state of the system must remain
constant. This is basically the concept that PHREEQE uses in its book-
keeping for electrons. For example, a system composed of 1 mole of
Na2504 and 1 mole of CH4 would have a net valence sgite (excluding
agz Hy, or O, that might be present) of 1 x 6 (for S°') + 1 x (-4) (for
C" ) =+4+2. (Na' is not considered since in natural environments its

-6~



valence does not change and oxygen at a valence of -2 is not considered
by convention; see below). If sulfate reduction now occurs in this
system, and we end up with 1 mole of NaZS, 1 mole of COZ’ and 2 moles

of Hy0, we now have 1 x (+4) (for C4+) +1 x (-2) (for Sz-) = +2, and
we see that the valence state of the system is unchanged. For book-
keeping convenience in redox calculations PHREEQE keeps account only
of those species whose valence can change over the range of pe-pH con-
ditions covered by the chemical stability of water. Also for conven-
ience, PHREEQE monitors only changes in concentration of dissolved O
and Hy (not total masses of O and H), calculated from pH, pe, and equil-
ibrium with H,0. At this point we introduce the term operational
valence (OPV or sometimes the THOR) and define it for each aqueous
species. The OPV is defined to be the valence of any species which
can change valence (can be oxidized or reduced) under naturally occur-
ring conditions. The OPV of species which do not chaBge valence under
natural conditions is defined to be 0. The OPV of 0™ “ (oxygen with
valence of -2) is O and the OPV of HT is also 0. This convention
allows the masses of H,0, H+, and OH™ to be ignored in calgplations
while preserving the relative changes in valencS between H' (0 by our
convention) and H, (=2 by our convention) and 0“~ (0) to 0, (+4).

The OPV state of a solution is the sum over all species of the
molality of the species times its OPV.

Finally, there is one fundamental difference that must be men-
tioned between electrons and protons that has considerable signifi-
cance for the practical question of how the calculations are set up,
i.e. the actual running of the computer program. The potential problem
lies in how the composition of the initial solution is specified. Total
concentrations of cations and anions allow calculation of pH through the
physical requirement that the solution in total must be electrically
neutral. That is, with good chemical analyses (with or without the
assumption of mineral equilibria) the pH can be specified, that is, it
can be calculated by the computer program. This conceptually requires
only the total molalities of the elements, the physical requirement
of electrical neutrality, and definition of the aqueous model.

However, since the electron balance equation used by PHREEQE is
written in terms of changes in concentratiom, it requires a reaction
increment to occur before it can be used. The equation has no bearing
on the initial solution specified for the system. In other words, the
redox conditions in the initial solution must be specified before calcu-
lations begin. Note, for example, that if an initial solution at equil-
ibrium with pyrite and hematite is desired, the redox characteristics
of the solution prior to equilibration with the minerals must still be
specified before the pe and pH of the desired solution can be calculated.



Comment

It is convenient to associate the equations and unknowns as follows:
With each activity of free (uncomplexed) ion, a mass balance equation may
be associated; with each ion pair, a mass action equation is associated;
with each phase (other than the aqueous) a mass action equation can be
associated; [OH™] is “"determined"” by KHZO; pH is "determined” by electri-

cal neutrality; and pe is "determined” by conservation of electrons.

"We now enter the real world and consider the fact that the
thermodynamic activity and concentration are not, in general, equal.
In fact, for each aqueous species we need to determine both the con-
centration (as molality) and activity. Thus we need one more equation
for each aqueous species. The additional equations are provided by the
activity-concentration relations for each species: a; = yym;, where

a; = thermodynamic activity
Yy < activity coefficient
m. = molality.

Additional computational difficulties are provided by the fact that the
mass balance, charge balance, and electron balance equations sum molal-
ities, while the mass action equations require thermodynamic activities.

Equations

In this section we formally list the equations used in PHREEQE.

To facilitate this discussion, we need to introduce the concept of the
"master species"” as they are used in the computational sequence. For
each element in the (computational) system, there may exist a number

of aqueous species. For computational purposes, one species containing
a given element must be chosen and used exclusively in writing all mass
action equaglons for spec1es that contain the element in question. For
example, Ca®’ and CO3 , the master species chosen in our example data
base (Attachment A) for Ca and C, respectively, would be used to write
the mass action equations for the formation of species such as CaHCO§

o -~
CaC0j, Ca(OH)+, HCO4, CH,, CaCO3(gy), and COZ(g)' As a more complete

2~ 2-
example, consider the formation of S from SO « Sulfate ion is the
arbitrarily chosen master species for the element sulfur. The reaction
is



2-

SO4

+ 8e” + 8H' = 527 + 4H,0 .

For the species SZ— the coefficients and association constant for this
reaction must be entered in the data base. Each species is assigned an
index number and the lowest numbers are used for master species. H', e ,
and H%O are master species with index numbers 1, 2, and 3 respectively,

and a

1 other master species must have index numbers between 4 and 30,

inclusive. Only master species may appear in the association reactions
for aqueous ion pairs.

The equations used by PHREEQE are as follows:

Electrical neutrality (one equation).

Conservation of electrons (one equation). The sum of the OPV of aqueous
species equals initial total plus contribution from phases other than
aqueous. This equation is only used in determining the speciation in
reaction solutions, not initial solutions.

1 P
2 V:; . m; = 0PV + 3 u. . MINp

Mass balance (one equation for each element except H and 0). The sum
of aqueous species equals initial total plus contribution from phases
other than aqueous.

2 i,3 i i . bp,j . MINp for each j

N~

[¢]

=]

i

=

o

—

+

o

"™

Mineral equilibrium (one equation for each mineral phase).

. bp,j . log(aj) = log(Kp) for each p

YRS

J

Mass action equations for aqueous species (one for each aqueous
species other than master species; written as association reactions).




J
log(ai) = log(K;) + > €43 . log(aj)

j=1
.. .th . .
a; activity of the i~ ion-pair.
. s .th .
aj activity of the j~ master species.
bp i stoichiometric coefficient of the jth master species in the
b

pt mineral (zero if mﬁster species is not present in mass
action equation for p- mineral).

¢y j stoichiometric coefficient of the jth master species in the
? it aqueous species (zero if master species is not present
in mass action equation for the it th species).

I number of aqueous species.
J number of master species.
Ki egulllbrlum constant for the mass action equation for the
aqueous species.
K eguilibrium constant for the mass action equation for the
p
phase.
m lality of the il i
i molality of the i~ aqueous species.

MINp moles of the pth mineral transferred into (+) or out of (-)
the aqueous phase. )

I

OPV 2: Vi o.My, calculated from the speciation of the initial
i=1 solution or the mixture of two initial solutionms.

P number of mineral phases.

TOTj Total concentration of the element corresponding to the jth
master species preceding any mineral dissolution or precipi-
tation.

u sum of the OPV's of the constituents in the pth ;i ora1.

Ex. uFeSz = 0 and uFe(OH)3 = 43,
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Operational valence (OPV) of the ith aqueous species. The nu—-
merical values are assigned arbitrarily for bookkeeping con-
venience; they are self-consistent in terms of correctly de-
fining electron transfer in redox reactions, but may or may
not correspond to the true chemical valence for the entities
involved.

Vi

[

0 for "non-redox" species (those whose valence does not
change within the stability range for water).

0 for H+,

0 for OH™,

-2 for HZ(aq)’

+4 for OZ(aq)’

the formal elemental valence for aqueous redox species
(or the sum of the formal valences of the constituents

of an agueous complex, exgluding H and 0). Ex. VEe2+ =
+2, VSO[‘_ = +6, and vFeSO4 = +8.

charge on the ith species.
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NUMERICAL METHOD

PHREEQE solves a set of non-linear equations using a combination
of two techniques: (1) a continued fraction approach, as in Wigley
(1977), is used for mass balance equations, and (2) a modified Newton-
Raphson technique is used for all other equations. The independent
unknowns are:

1. aH+

2. ag-

3. The activity of one aqueous species for each element, called
the master species. (The master species of an element is Biu_
ally chosen to be the free ion of that element, such as Ca
for calcium. All other aqueous species must have only master
species in their association reactions.)

4., the amounts of mineral mass transfer to the aqueous phase.

All other unknowns, activities of other aqueous species, activity co-
efficients, molalities,  and the activity of water are calculated from
these independent variables. The activities of aqueous species are
calculated from their mass action equations, which involve only master
species and an equilibrium constant. Activity coefficients are calcu-
lated from either the Debye-Hickel or Davies formulation. The activity
of water is calculated as in WATEQ (Truesdell and Jones, 1974).

The equations which correspond to this reduced set of variables
are:

1. Electrical neutrality

2, Electron balance

3. Mass balance (one for each element other than H and O)
4, Mineral mass action equations (one for each mineral).

PHREEQE solves a set of algebraic equations using iterative tech-
niques to approximate the solution to the equations. Unlike PATHI (Hel-
geson and others, 1970), the estimates at each iteration need not be exact
but only good enough to ensure that the sequence of estimates converges
on the algebraic solution. Thus it is possible to make the crude approx-
imations of (1) constant activity coefficients and (2) no interdependence
of species when changing activities of several master species simultane-
ously, at any one iteration without loss of accuracy in the final solution.
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The two techniques used by PHREEQE differ fundamentally in that
the continued fraction approach calculates new estimates for the master
species directly while the Newton-Raphson approach actually calculates
changes in ag+, ag~, and mineral transfer which, when added to the old
estimates, gives the new estimate.

In the numerical scheme, there are two possibilities for each iter-
ation. The master species are adjusted using the continued fraction
method and then (1) if the mass balance equations are not satisfied within
at least 20 percent, a new iteration is begun, or 2) if the mass balance
are satisfied the Newton-Raphson matrix is solved and new ay+, a,-, and
mineral transfer estimates are made. The pH, pe, and minerals may be held
constant for several iterations (especially in the initial iterations) and
are changed only when the mass balance criteria are nearly satisfied.

The following method is used to refine the estimates of the activities
of the master species. It assumes that the molality of each species of
an element is proportional to the activity of the.master species of that
element. This implies that activity coefficients are constant and the ac-
tivities of other master species are constant. For element j the formula
is:

TOTALj
aj = a
(N + 1)

N indicates thaﬁ all molalities, activities, and totals are those calcu-

lated at the N'! jteration. Totalj is calculated from the initial
N)

total plus the sum of all the mineral transfers from all the previous

iterations; other notations are the same as in the previous list of

equations.

There is an oscillatory effect if this technique is applied to all master
species simultaneously. However, by first correcting the positively charged
master species, then redistributing all the species, and finally reesti-
mating the negatively charged master species the effect is minimized. If a

large fraction of the jth element is tied up in species in which cy, s >1,
then a quadratic formula is used,
_Bj+ JBj Bj+4 Aj TOTALj
aj = aj - .
(N + 1) (N) 2 Aj
)

where,
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I
. = . ° . PN 1
Aj 121 M1, for eg,3 > 1o
I
Bj = 121 my ci,j for ci,j = 1,
N P
TOTAL . = TOTAL . + z 2 AMIN « b,
I Joy  m=1 |pst Py P

The other unknowns (pH, pe, MIN, and ALK) are not adjusted until the
mass balance criteria are satisfied within at least 20 percent.

The variables other than the activities of the master species of
the elements are adjusted using a matrix technique. A modified Newton—
Raphson method is used to linearize the set of nonlinear equations. The
change in molality of each species relative to the changes in activities
of the master species is given by taking the differential of the equations
for the molality of species. If

J
Am; = ¥ m; " c, s ° for each i.

This formulation for the change in molalities of each aqueous species
is linear in the quantities

The differential of the electrical balance equation (equation 1 in
the previous section) is:

I
AELECT = Z 2z, ° Am
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At each iteration A ELECT must be the charge imbalance calulated from
the distribution of species.

I
AELECT = X 2z, ° m,
i=

Taking the differential of the electron balance equation (equation
2) gives:

4~

P
= - > *
A THOR Z vyt OAMING + T vy
p=1 i=1

Ami

where A THOR is the difference between the OPV state of the solution at
a given iteration and the OPV state the solution should have at that
iteration, V.

I
ATHOR = V - 3 vi'mi
i=1
and
N P
VvV = 0PV + > z uP' A MIN
- - p
n=1 p=1 (n) .

V is the OPV state of the initial solution plus the change resulting
from the precipitation or addition of minerals.

The differential of a mass balance equation is:

I P

ATOT:.| = 121 ci,j y Ami - p2=1 b )3 g AMINp .

At each iteration ATOTj is known to be:
I

A'TOTj = TOTALj(N) - izl ci,j . my ®

where,
N P
TOTALj(N) = TOTALj(O) + nzl pzl bp,J AAMINp(n)
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That is, TOTALj is the initial total concentration of j plus any of
N)

the jth element which has dissolved or precipitated in the previous

iterations.

The mineral equilibrium equations are linearized by taking the
total differential of the equation for the IAP of a mineral. That
equation is:

J
log IAPp = ? bp,j log aj
j=1
and the differential is:
J Aaj
Alog IAP_ = X b_ . °
P .1 P»]
=1 aj .
Equilibrium imposes that
KP
Alog IAP_ = log K - log IAP, = log s
P P Y ——
IAP
Y
therefore
J Aaj Kp
z bp i * = log for each p.
j=1 aj IAP
Aaj
Now, because the Auﬁ are linear with respect to , all of the equations
a.
Aaj ]
of differentials are linear in AMINp and . The coefficients
a -
J

for these variables are computed in the subroutine AQMOD. The system of
equations is solved in SLNQ, and RESET computes new values for the major
variables except for the activities of master species of the elements.
For example,

Aaygt
ayt = gt M I
(N+1) () ayt
Q)

and
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MIN = IN +
p M p AMINp

(N+1) (N) (N+1) .

There are restrictions placed on the calculated deltas. The AMIN are
reduced so that no negative total concentrations result. The pH and
pe are not allowed to change more than 0.5 units. The_total concen-
tration of an element is not allowed to drop below 107~ moles.

In some cases it is desirable to be able to adjust the initial so-
lution to electrical neutrality at a constant pH. This can be achieved
by setting IOPT(2) = 2. (See input section for details.) To solve this
case, the program first solves the initial solution as if IOPT(2) = 0
(no adjustments for electrical balance) in order to determine the sign
of the charge imbalance. Then, the electrical balance equation is used
to calculate the activity of the properly charged species from NEUTRAL
input which produces electrical neutrality. The mass balance equation
for this species is not included in the set of equations which are
solved. The total concentration for the NEUTRAL species used is deter-
mined by summing all the aqueous species for that element after elec-
trical balance has been achieved.

When alkalinity is given instead of total carbon, the problem is
again formulated slightly differently. In place of a mass balance on
carbon there is an equation for alkalinity,

N4
>

. m; = ALK
i=1 1
where Ai is the number of equivalents contributed to the total alkalinity
by a mole of the it aqueous species and ALK is the given total alkalinity.
The values of A; are by necessity an arbitrary approximation. To truly
calculate the total carbon from alkalinity, the endpoint of the alkalinity
titration must be known and all of the other analytical data must be
perfect. Given imperfect analyses there is no way to distinguish the
true alkalinity from the charge imbalance due to analytical error. In
our data base (Attachment A) we have chosen pH 4.5 as our end point to
agree with the USGS standard methods. We have arbitrarily included in
the alkalinity only species with an ut dissociation reaction pK greater
than 4.5. This is only an approximation since some species (Al(OH)3°,
for example) would not be completely dissociated at pH 4.5 even though
their entire molalities were considered as contributing to the alkalinity
at the original solution pH. The program will accomodate different end-
points and different choices in alkalinity species via the input ALKSP
(for each aqueous species) in the data base. This approach is satisfactory
if the carbonate system dominates the measured titration alkalinity, but
we emphasize that it is only a compromise for solutions in which the
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measured titration alkalinity contains significant contributions from
species of iron, aluminum, or other elements.

One further caution concerning alkalinity should be noted. It
is not possible to input the total alkalinity and then adjust the
solution to electrical neutrality using pH. This is a theoretical
impossibility, not a program limitation. Since alkalinity is in a
sense a measure of negative charge, by fixing the alkalinity the
total negative charge is fixed and, through the other analyses, the
total positive charge is determined. If they are not equal adjusting
the pH will not have any effect on the charge imbalance.
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DESCRIPTION OF INPUT

PHREEQE is designed to perform a sequence of simulations in a
single computer run. Each simulation consists of two separate problems:

1. Process an initial solution or solutions and
2. Model a reaction (starting from the initial solution(s)).

Many pathways for a simulation are accessable with a card input data deck;
that is, no program modification should be necessary. Required input
begins with a title card followed by an option card. Depending on the
options selected, additional data are supplied using various "Keyword"
data blocks. A data block consists of a Keyword card followed by appro-
priate data. The Keyword informs the program of the type and format of
the data to follow. ELEMENTS and SPECIES, if they are used, should be
the first two data blocks while the other keyword blocks may follow in
any order. The keyword END denotes the end of the input data and is
required once for each simulation. After the calculations for one simu-
lation are completed, the program starts the data input process again,
beginning with a new title and option card.

The general types of reactions that canbe simulated are as follows:
1. Mixing of two solutions.
2. Titrating one solution with a second solution.
3. Adding or subtracting a net stoichiometric reaction
(changing total concentrations of elements in proportion

to a given stoichiometry).

4. Adding a net stoichiometric reaction until the phase
boundary of a specified mineral is reached.

5. Equilibrating with mineral phases (mineral equilibrium

can be specified with reaction types 1, 2, 3, 4, or 6 as
well). Any condition which can be written in the form

log (Kp) = ? bp,i * log (ai),
where

ay is activity of the ith aqueous species,

bp i is the stoichiometric coefficient of the
’
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1th aqueous species in the pth

phase, and

K is the equilibrium constant for the
pth phase,

is considered a mineral phase. This definition of
mineral equilibrium includes the following:

a. Maintaining the aqueous phase in equilibrium with
one or more minerals, such as calcite, Fe(OH)3, or
gypsum;

b. Equilibration of a mineral-water system with a gas
(COZ’ CHy, HZS);

c. Apparent ion exchange in the sense that a ratio of
two aqueous ion activities is kept constant.

Any combination of the above can be included in the
MINERALS keyword input provided the Gibbs Phase Rule
is not violated.

6. Changing temperature.

These six types of reaction (processes) may be used in various combin=-
ations. For example, one could add a net stoichiometric reaction to a
starting solution while maintaining mineral equilibrium and increasing
temperature.

In each type of reaction, an initial solution must be specified.
There are three ways to provide a starting solution for a reaction.
(1) The total concentrations of elements (and other necessary information
such as pH, and temperature) may be input using the SOLUTION n keyword.
n is either 1 or 2 and indicates the number of the array where the solu-
tion data will be stored. Any stoichiometric reaction or simple mineral
equilibration is performed on solution number 1 alone. Solution number 2
is required only for mixing and titrating. (2) The second method of
providing a starting solution for a reaction is to save the final solu-
tion from the reaction step of the previous simulation (provided more
than one simulation is made in a run). IOPT(7) is used to specify the
solution number into which the final solution will be saved. In the
subsequent simulation no new solution should be read into that solution
number. (3) Finally, if no reaction solution is saved and no new solu-
tions are input, the solutions from the previous simulation remain in
memory. Thus, a solution can be input once but can be used as the
starting solution for several simulations.
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One of the principle applications of PHREEQE is intended to be
simulation of reactions based on observed water analyses, which will
generally show an apparent electrical imbalance as a result of analyt-
ical errors. Because we use the electrical neutrality criterion in
solving for pH, it is important to consider this apparent charge
imbalance. Various options are available to achieve charge balance
or to maintain a charge imbalance in the computations. Care should be
taken in choosing the appropriate option and interpreting the results.
Only perfect chemical analyses would produce electrical neutrality in
an initial solution. Lacking these, the solution may be left electri-
cally unbalanced by setting IOPT(2) = 0. When a reaction is modeled
the final calculated solution will have the same electrical imbalance
as the initial solution. If IOPT(2) = 1, the pH of the initial solution
will be adjusted to produce electrical neutrality in that solution. It
may be that the pH of the initial solution is well known and it is
more reasonable to add relatively inert ioms like Kt or C1” to balance
the solution electrically. In this case set IOPT(2) = 2, and use the
keyword NEUTRAL and associated input to specify K and Cl. The amount
of C1 or K added will be listed in the output. One final alternative
is to attribute the charge error to the most suspect analysis, e.g.
carbon or sodium, or to a constituent known to be present for which
one has no analytical data. Again, set IOPT(2) = 2 and use the NEUTRAL
input. Lack of charge balance is a meaningful clue to the errors in
analyses and a large error probably makes a solution unsuitable for
reaction simulation. By using the various options of the program, one
can investigate the significance of analytical errors and their effects
on reaction simulations. (Detailed test problems and examples for
using PHREEQE are given in the section Test Problems.)

In the following description of the card input, the Fortran format
for each card is given. Any Fortran manual will provide a complete ex—
planation of the symbols used in format statements. Briefly, A indicates
an alphanumeric character field, I an integer field, F floating point, E
single precision exponential, D double precision exponential, and X
indicates spaces. The first number following A, I, D, E, or F defines
the length of the field, or the number of columns on the card reserved
for the field. All integers must be right justified in their fields.
All exponential fields, when including an exponent, must be right justi-
fied. For floating point and exponential fields, it is suggested that
the decimal point always be included. A number preceding a letter is
the repeat counter and indicates the number of times the field occurs
consecutively on the card. Similarly a number directly preceding a
parenthesis indicates the number of times the formats contained within
the parentheses are repeated as a group. Any blanks in I, F, E, or
D fields are considered to be zeros.
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A. Title and option cards.

1. TITLE CARD TITLE
FORMAT (20A4)
Eighty characters of titles or comments.

2. OPTION CARD (IOPT(I), I = 1,9), NSTEPS, NCOMPS, VO
FORMAT (911, 1X, 2I2, 6X, F10.5)

IOPT(1)

0, No print of thermodynamic data or coefficients
of aqueous species.

= 1, Print the aqueous model data (which are stored
on disk) once during the entire computer run.

IOPT(2)

I
o

Initial solutions are not to be charge balanced.
Reaction solutions maintain the initial charge
imbalance.

=1, pH is adjusted in initial solution(s) to
obtain charge balance.

= 2, The total concentration of one of the elements
(except H or 0) is adjusted to obtain electrical
balance. NEUTRAL input is required.

IOPT(3)

1
o

No reactions are modeled. Only the initial
solutions are solved.

= 1, Solution 1 is mixed (a hypothetical constant
volume process) with solution 2 in specified
reaction steps. STEPS input and a value for
NSTEPS are required. MINERALS input may be
included.

= 2, Solution 1 is titrated with solution 2 in speci-
fied reaction steps. STEPS input, a value for
NSTEPS, and a value for VO are required.
MINERALS input may be included.

= 3, A stoichiometric reaction is added in specified
reaction steps. REACTION input, STEPS input,
a value for NSTEPS, and a value for NCOMPS are
required. MINERALS input may be included.

= 4, A net stoichiometric reaction is added in NSTEPS
equal increments. REACTION input, STEPS input,
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IOPT(4)

IOPT(5)

a value for NSTEPS, and a value for NCOMPS are
required. MINERALS input may be included. Only
one value for the total reaction is read in
STEPS.

Solution number 1 is equilibrated with mineral
phases only. No other reaction is performed.
MINERALS input is required.

A reaction is added to solution 1 until equil-
ibrium is attained with the first phase in
MINERALS input (equilibrium with other MINERALS
phases is maintained throughout the reaction).
REACTION input, a value for NCOMPS, and MINERALS
input are required. No STEPS input is required.
Note: there should be a common element in the
reaction and the first phase in MINERALS input.

The temperature of the reaction solution is

(a) the same as the initial solution if adding
a reaction, or (b) calculated linearly from the
end members if mixing or titrating. No TEMP
input required.

The temperature is constant during the reaction
steps and differs from that of the initial sol-
ution(s). One value is read in the TEMP input.

The temperature is varied from T _to Tf in
NSTEPS equal increments during tﬁe reaction
steps. A value for NSTEPS and two values of
temperature, T  and Tg, (in order) are required
in the TEMP input, where T _is the initial temp-
erature and Ty is the final temperature.

The temperature of each reaction step is spec-
ified in TEMP input, in order. NSTEPS values
are read.

The pe from the initial solution is held con-
stant during all the reaction steps for the

simulation.

The pe of the reaction solution is determined
by the reaction.
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I0PT(6) = O,

10PT(7)

IOPT(8)

IOPT(9)

NSTEPS

ae

b.

Activity coefficients are calculated as follows:

the WATEQ Debye-Huckel formula is used for all
species with GFLAG = 1 (see SPECIES input below),

the Davies formula is used for all species with
no ion size parameter (DHA = O, see SPECIES
input),

the extended Debye-Hickel formula is used for
all species with an ion size parameter (DHA O0).

Activity coefficients are calculated as follows:

the WATEQ Debye-Hiickel formula is used for all
species with GFLAG = 1.

the Davies formula is used for all other species.

Do not save the aqueous phase composition at
the end of a reaction for additional simu-
lations.

Save the final reaction solution in solution
number 1.

Save the final reaction solution in solution
number 2.

The debugging print routine is not called.

A long printout is output at each iteration in
each problem. This print is to be used only
if there are convergence problems with the
program. (See Subroutine PBUG.)

No printout of each array to be solved.

A long printout occurs of the entire array to
be solved at each iteration. This print is
used only if there are convergence problems.
(See Subroutine SLNQ.)

The number of reaction steps. A value is

required if IOPT(3) =1, 2, 3, or 4, or if
IOPT(4) = 2 or 3. (Right justified.)
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NCOMPS The number of constituents in a net stoichio-
metric reaction. A constituent may be any
element with an index number between 4 and
30 inclusive. No aqueous species with index
numbers greater than 30 may be included as
reaction constituents except H2 and 02. Any
constituent with an index number greater than
30 is assumed to be either H, or 0 and has
the effect of raising or lowering the redox
state of the solution depending on the as-
signed valence (THMEAN). A value for NCOMPS
is required if IOPT(3) = 3, 4, or 6. (Right
justified.)

Vo The initial volume of solution number 1 when
modeling a titration. The unit of VO must
be the same as that of XSTEP (see STEPS input
below) if IOPT(3) = 2. Otherwise, VO is not
required.

Keyword data blocks. Blocks are preceded by a keyword card. The
keywords are numbered and underlined in the following text. Each
keyword must begin in the first column of the card. The appropriate
cards, which are lettered in the text, must follow in order directly
after the keyword.

1. ELEMENTS FORMAT (A8)
This input defines the names and indices of all
elements in the aqueous model data base. One
card l.a is read for each element. The index
numbers of the elements do not need to be consec-
utive or sequential. This input block must be
terminated with one blank card. Generally these
data will be part of the aqueous model stored on
disk and read by the program at the beginning of
each run. Only changes to the data base need to
be in the input card deck.

l.a. TNAME, NELT, TGFW
FORMAT (A8,2X,12,3X,F10.0)

TNAME Alphanumeric name of element.

NELT Index number assigned to the element. Number
must be between 4 and 30, inclusive. (Right
justified.)
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TGFW Gram formula weight of the species used to
report the analytical data. If solution data
is to include alkalinity, TGFW for the element
carbon must be the equivalent weight of the
reported alkalinity species. TGFW is not used
if the concentrations are entered as molality
(IUNITS = 0 in SOLUTION input card 3.b).

l.b. Blank card.

2. SPECIES FORMAT (A8)
This input defines the names, index numbers and
composition of all aqueous species in the aqueous
model data base. Cards 2.a, 2.b, 2.c, and 2.d are
read for each species. The index numbers for the
species do not need to be sequential or consecutive.
This input block must be terminated with one blank
card. To eliminate a species (already in the
PHREEQE data array) from the aqueous model only
card 2.a followed by a blank card 2.b must be
entered. More species changes could then follow
or a second blank card would terminate this input
block. All species must have association reactions
which contain only master species (species numbers
less than or equal to 30; see discussion in sec-
tion, Equilibrium Equations). Reactions containing
non-master species must be converted to master
species reactions and the appropriate association
constants must be calculated before they can be
entered into the program. These data are generally
stored in the disk file which is read by the program
at the beginning of each run and retained for the
entire run. Only changes and additions would appear
in the input card deck.

2.a. 1
FORMAT (13)
I The index number assigned to the aqueous species.

Numbers 4 through 30 are reserved for master
species. 250 is the maximum index number for
an aqueous species. (Right justified.)

2.b. SNAME, NSP, KFLAG,GFLAG, ZSP, THSP, DHA, ADHSP(1),

ADHSP(2), ALKSP
FORMAT (A8,2X,13,2I1,6F10.3)
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Three different formulations are available for the
activity coefficient expression.

i) Extended Debye-Hiickel,

2
-A z7 VI
Log‘Yi 1
1+ B agVvi

ii) WATEQ Debye-Hiickel

-A zg VI

Log i + b1

1+ B aj/T

iii) Davies

2 V
Log Yy = A zg ( L )
’

1+ T 03t

where A and B in all three equations are constants
depending on the dielectric constant of the solvent
and the temperature (Robinson and Stokes, 1970).

SNAME Alphanumeric species name.

NSP The total number of master species in the
association reaction that forms this species;
do not count the species itself unless the
species is a master species. (Right justi-

fied.)

KFLAG = 0, The Van't Hoff expression is used to calcu-
late temperature dependence of the association
constant for this species.

= 1, An analytical expression is used to calcu-
late temperature dependence of the association
constant. Values for ASP are required on card
2.c.
GFLAG = 0, The extended Debye-Hiickel or Davies expres-—

sion (according to IOPT(6)) is used to calculate
the activity coefficient for this species if
DHA >0 (see below). If DHA = 0 and GFLAG = 0,
the Davies equation is always used regardless

of I0PT(6).
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2.c.

= 1, The WATEQ Debye-Hickel expression is used

ZSp

THSP

DHA

ADHSP(1)
ADHSP(2)

ALKSP

to calculate the activity coefficient of this
species regardless of the value of IOPT(6).

The charge on this aqueous species.

The sum of the OPV's of the redox species

in this species. (e.g. FeSQO° has

aTHSP = 2 + 6 = 8.) 4

The extended Debye—Hiickel ag term. If this
parameter is zero and GFLAG = 0 then the Davies
equation is used to calculate the activity co-
efficient for this species.

The aj term for the WATEQ Debye-Hiickel expression.
The bj term for the WATEQ Debye-Hiickel expression.

The alkalinity assigned to this aqueous species.
(See discussion in Numerical Methods section.)

LKTOSP,DHSP, (ASP(1),I = 1,5)

FORMAT (2F10.3,5E12.5)

Constants used to evaluate the association constant as

a function of temperature. The analytical expression has

the form:

Log(K) = A + Ay T + A/T + A, log T + Ag/T?

where T is expressed in K.

LKTOSP

DHSP

ASP(1)

Logjp of the mass action association constant
at 25°C (used in Van't Hoff equation).

Standard enthalpy of the association reaction at
25°C (AHO, in kcal/mole); used in the Van't Hoff
r

calculation of the temperature dependence of the
association reaction. Required if KFLAG = 0.

(A zero or blank will result in no temperature
variation in the association constant.)

Constant term in the -analytical expression for

the association constant, (A;). The array ASP
is used if KFLAG = 1.
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ASP(2) Coefficient of T°K in analytic expression, (Az).
ASP(3) Coefficient of 1/T in analytic expression, (Aj).
ASP(4) Coefficient of log T in analytic expression, (A4).

ASP(5) Coefficient of 1/T? in analytic expression, (As).

2.d. (LSpP(I), CcSP(I), I = 1, NSP)
FORMAT 6(13,F7.3)
List of master species numbers and their coefficients
in the mass action association reaction. NSP pairs
of values, LSP and CSP, are read. One and only one of
these cards is required for each species.

LSP(I) Index number of master species. (Right justi-
fied.)

CSP(I) Stoichiometric coefficient of master species
in this aqueous species.

For example, using the data base in Attachment A for
master species, the reactions below define variables as

shown:

ca?t + ut + co?™ - CaHCOK (species 77)
NSP =3
LSP(1) = 4, CSP(1) =1.0; LSP(2) =1, CSP(2) = 1.0;
LSP(3) = 15, CSP(3) = 1.0.

2= ot L oem L o2-
S0, + 81 + 8e =87 + 4H,0 (species 41)
or,

5057 + 8 + 8~ - 4H,0 = 27
NSP = 4
LSP(1) =16, CSP(1) = 1.0; LSP(2) =1, CSP(2) = 8.0;
LSP(3) = 2, CSP(3) = 8.0; LSP(4) = 3, CSP(4) = -4.0.

2.e. Blank card.
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3.

3.a.

3.b.

SOLUTION n

HEAD

FORMAT (A8,1X,11)

This input is used to define a starting solu-
tion. n can be either 1 or 2 and indicates
the solution number of the data following.
Cards 3.a and 3.b are required. Card 3.c is
not included if NTOTS = O. There must be as
many card 3.c's as necessary to read NTOTS
total concentrations.

FORMAT (20A4)
Title or comments about the solution.

HEAD

Alphanumeric heading.

NTOTS, IALK, IUNITS, PH, PE, TEMP, SDENS
FORMAT (I2,I3,I2,3X,4F10.3)

NTOTS

TALK

The number of total concentrations to be
read from card 3.c input. For example, if
the starting solution is a MgCl2 - NaHCO3
solution, NTOTS = 4 (for Mg, Cl, Na, and C).
(Right justified.)

Flag which indicates whether total carbon or
total alkalinity is to be input. (Right
justified.)

0

indicates the total concentration of carbon
(not alkalinity) is input in the units
specified by IUNITS (see below).

4<n<30, where n is the index number for

the element carbon, (in our data base n=15)
indicates total alkalinity is being entered.
If alkalinity is used (n >0), then IOPT(2)
can not be equal to 1. It is theoretically
impossible to use pH to achieve electrical
neutrality if the alkalinity is fixed.
ELEMENTS input may be required. The units of

alkalinity are specified by IUNITS (below)
and if IUNITS >0, the gram formula weight
(GFW) of the element carbon is critically
important. The GFW in the case of alkalinity
must be the gram equivalent weight (grams/
equivalent) of the chemical species in which
the alkalinity is reported. The following is
a list of species commonly used for reporting
alkalinity and their corresponding equivalent
weights:
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CaCO4y 50.0446 g/eq
HCOS 61.0171 g/eq
co”™  30.0046 g/eq.

(Note that: Alkalinity (mg HCO3/1) =
Alkalinity (mg CaC0O3/1) x 1.21925)

Ir our data base 44,010 is the GFW of carbon
which is suitable for entering carbon as
total CO9. This GFW must be changed via
ELEMENTS input if alkalinity is to be entered
as mg/l or ppm (IUNITS = 2 or 3). If IUNITS
= 0 alkalinity must be input as eq/kg H,O and
in this case the GFW need not be changed be-
cause no conversion of units is necessary.
For a discussion of the contribution of the
different aqueous species to the total alka-
linity see the Numerical Methods section.

IUNITS Flag describing units of input concentrations
(right justified). The program makes all of
its calculations in terms of molality and any
other allowed concentration units (mmoles/1,
mg/l, or ppm) must be converted to molality
before the calculations may begin. To make
the conversions it is necessary to know the
gram formula weight (GFW), in g/mole, of the
chemical formula in which elemental analyses
are reported. The GFW is an input parameter
under ELEMENTS input and must be in agreement
with the analytical units for each solution
data set. (If the units are molality, no
conversion is necessary and the GFW's are not
used.) Consider silicon as an example: Si is
commonly reported as ppm of SiOy but may also
be given as ppm H4S8i04. To convert ppm SiOj
to moles Si/kg Hy0 the GFW for silicon in the
ELEMENTS data must be 60.0843. For ppm H,5i04
the GFW must be 96.1147., 1If the units of the
water analysis do not correspond to the GFW for
any element, the GFW must be changed using
ELEMENTS input or the data must be converted
by hand before input into the program. Values
of GFW used in the preliminary PHREEQE data base
are given in Table 1. Note: All elements must
have the same units. It is not possible to enter
ng/1l of one element and molality of another.
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= 0 Concentration of elements entered as molality
of each element, or for alkalinity, equiv-
alents/kg HyO.

= 1 Concentration of elements entered as mmoles/1l
of each element, or for alkalinity, meq/1l.

= 2 Concentration of elements entered as mg/l
of the species which has a gram formula
weight given in ELEMENTS input. (ELEMENTS
input may be required.) For alkalinity see
discussion under IALK above.

= 3 Concentration of elements entered as ppm
of the species which has a gram formula
weight given in ELEMENTS input. (ELEMENTS
input may be required.) For alkalinity see
discussion under IALK above.

= 4 Concentration of elements entered as millimoles
per kilogram of solution, or for alkalinity as
milliequilivalents per kg solution.

PH The pH of the solution (the approximate pH
if TOPT(2) =1). Required for all solutiouns.

PE The pe of the solution. Required for all
solutions.

TEMP The temperature of the solution in °Celsius.

SDENS The density of the solution. Required if
concentrations are input as mmoles/1l, mg/1,
or ppm. ILf SDENS is omitted, 1.0 is assumed.

(LT(I), DTOT(I), I = 1, NTOTS)

FORMAT 5(14,D11.3)

Total concentrations of elements. Five values of LT and
DTOT are read on each card. The card may be repeated in
order to enter all the elements desired. All data must
appear consecutively in the fields, no blanks or zeros
are allowed as values for LT. Omit this card if NTOTS
is zero, the case of pure water.

LT Index number of the element. (Right justified.)

DTOT Total concentration of the element in molality,
mmoles/1l, mg/l, or ppm according to IUNITS.
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4.

MINERALS

FORMAT (A8)

This input defines the phases which will be main-
tained at equilibrium with each of the reaction
solutions. Cards 4.a and 4.b are required for each
mineral. Card 4.c is optional for each mineral
depending on the value of MFLAG. Unlike SPECIES,
MINERALS may be defined in terms of any aqueous
species, not just the master species. The input
expression for the equilibrium constant must cor-
respond with the input mass action coefficients.
Mineral reactions are written as dissociation
reactions. MINERALS input must be terminated with
a blank card.

MNAME

, NMINO, THMIN, LKTOM, DHMIN, MFLAG,SIMIN

FORMAT (A8,2X,I2,3X,3F10.2,5%,11,9X,F10.3)

Const

MNAME

NMINO

ant parameters for this mineral.
Alphanumeric name of mineral.

Number of different species in the mineral
dissociation reaction (including H+, e , and
H20). NMINO must be less than or equal to 10.
(Right justified.)

THMIN The sum of the OPV's of the species in the

mineral dissociation reaction.

For example,

Fes, = Fe?t + 2827 - 2¢”
THMINP;rite = 1(+2) + 2(=2) - 2(-1) = 0
Fe(OH); = Fe3t 4+ 30H™
THMINFe(OH)3 1(+3) + 3(0) = +3
cacoy = ca’t +coj
THMING, ¢, 10) + 1(+4) = +4

LKTOM Log of the equilibrium constant at 25°C for

the reaction.
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4.b.

DHMIN AAH: (kcal/mole) for the Van't Hoff expression.

MFLAG 0, The Van't Hoff expression is used to calcu-
late the temperature dependence of the equil-

ibrium constant.

1, The analytical expression is used to calcu-
late the temperature dependence of the equil-
ibrium constant. Card 4.c is required.

SIMIN Saturation index (log(Ion Activity Product/KS ))
desired in the f£inal solution. SIMIN = 0.0 P
would produce equilibrium with the mineral
while 1.0 would produce a solution 10 times
supersaturated (SI = 1.0). This variable is
useful in specifying the partial pressure of
a gas. The Henry's law constant for the gas
would be entered using the Van't Hoff constant
(LKTOM) or analytical expression (AMIN) and the
log of the partial pressure would be entered for
for SIMIN.

(LMIN(I), CMIN(I), I=1, NMINO)

FORMAT 5(I4,F11.3)

List of species index numbers and stoichiometric co-
efficients in the dissociation reaction for this mineral.
NMINO pairs of numbers, LMIN and CMIN, are read. The
maximum value of NMINO is 10. If NMINO is greater than
5, a second card 4.b is required.

LMIN(I) Index number of species (not necessarily master
species) in the dissociation reaction for this
mineral. (Right justified.)

CMIN(I) Stoichiometric coefficient of species in
dissociation reaction.

For example, using the data for aqueous species
index numbers in Attachment A,

. - 2+ 2-

1. CaC03 - Ca + 003
NMINO =

LMIN(1)
LMIN(2)

N

4, CMIN(1) = 1.0;
15, CMIN(2) = 1.0.
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ii.

iii.

iv.

FeS, + 2¢" = Felt 4+ 292-
or,

FeS, = Fet + 2827 - 2e

NMINO =
LMIN(1)
LMIN(2)
IMIN(3)

8, CMIN(1l) = 1.0;
41, CMIN(2) = 2,03
2, CMIN(3) = -2.0.

Wononw

2=
2* 4 s0;, + 2Hy0

CaSO4 * 2H90 = Ca
NMINO =
LMIN(1)
LMIN(2)
LMIN(3)

4, CMIN(1) = 1.0;
16, CMIN(2) = 1.0;
3, CMIN(3) = 2.0.

oW

ca?*t - Nat ion exchange. (Assumes com-
position of exchanger does not change.)

2+

Na,(ex) + Ca Ca(ex) + 2Nat

or +_ o2+
Naz(ex) ~ Ca(ex) = 2Na' - Ca

NMINO = 2
LMIN(1) = 6, CMIN(1)
LMIN(2) = 4, CMIN(2)

2
a, T+

2.0;
-1.0.

LKTOM = at exchange equilibrium.

aCaZ'!'

Fix CO, partial pressure.

or COz(gaS) + Hzo = HZCOB(aq)

COZ(gas) = H2CO3(aq) = Hy0

NMINO =
LMIN(1) 35, CMIN(1) = 1.0;

LMIN(2) = 3, CMIN(2) = -1.0,

LKTOM = Henry's law constant for CO,,
SIMIN = Log PCOZ desired.

e
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5.

. b4.c. AMIN(I), I =1,5

FORMAT (5E12.5)
Equilibrium constant expression of the form:

Log(K) = Ay + Ay T + Ay/T + A, log T + Ag/T?,

for the mineral dissociation reaction where T is °K.
This card is used only if MFLAG = 1.

AMIN(1) Constant coefficient of analytical
expression, (A; above).

AMIN(2) Coefficient of TP°K in analytical
expression, (Aj).

AMIN(3) Coefficient of 1/T in analytical
expression, (A3).

AMIN(4) Coefficient of log T in analytical
expression, (A;).

AMIN(5) Coefficient of 1/T? in analytical
expression, (As).

4.d. Blank card.

LOOK MIN

FORMAT (A8)

The purpose of this input is simply to provide
information on the saturation state of the aqueous
phase with respect to desired minerals. The
minerals in this block of input do not affect the
calculations of the initial solution or any of the
reaction solutions. This input is never mandatory.
The Ion Activity Product (IAP) and saturation index
(SI = log (IAP/K)) of each of these minerals is
printed in the output following each solution des-
cription. Only the minerals which contain elements
present in the solution are printed. The input
following this card is identical to the input for
MINERALS (see above). This input must be termin-
ated with a blank card.

The list of "look minerals"” is maintained for
the duration of the run and any new "look mineral®
is simply added to the list. If a "look mineral”
is added that has the identical 8 letter name as
another mineral in the list, the new mineral
replaces the old mineral. The word DELETE as a
mineral name will eliminate all of the minerals
in the list and new minerals may be added. Only
thirty nine "look minerals"” are allowed. LOOK MIN
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6.

7.

TEMP

6.a.

STEPS

input is generally placed in the disk file which
is read at the beginning of each run. The input
card deck need only contain additions and changes
to that permanent list.

FORMAT (A8)

This input varies the temperature during the
reaction steps. It is required input if IOPT(4)
is greater than 0. Only one card 6.a is necessary
unless IOPT(4) = 3. 1In that case as many cards

as necessary to input NSTEPS values are required.

XTEMP
FORMAT (8F10.1)

XTEMP  Temperature in degrees Celsius.

If I0PT(4) = 1, one value of XTEMP is coded.
If IOPT(4) = 2, two values of XTEMP are
coded, T and T, (in order).
If IOPT(4) = 3, NSTEPS values of XTEMP are
coded (no blank fields
permitted).
FORMAT (A8)

This input defines the steps of the reaction process.
The input has a different meaning depending on the
value of IOPT(3) (option card).

TIOPT(3)

1, XSTEP is the fraction of solution 1
to be mixed with solution 2. NSTEPS
values are read.

IOPT(3)

]
[\~
-

XSTEP is the volume of solution 2 to
be titrated into solution 1. XSTEP
must have the same units as VO
(option card). NSTEPS values are
read.

IOPT(3)

]
w
-

XSTEP is the moles of reaction to be
added to solution 1. NSTEP values
are read.

I0PT(3)

"
£~
-

Only one value of XSTEP is read.

XSTEP is the total number of moles
of reaction to be added in NSTEPS
steps. NSTEPS reaction solutions
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8.

7.a. XSTEP

will be calculated. The Ith solu-
tion will have I°*XSTEP/NSTEPS moles
of reaction added to solution 1.

FORMAT (8F10.3)

REACTION

XSTEP Reaction increments as defined above.

FORMAT (A8)

This input describes the stoichiometry and valence

of the elements to be added as a reaction. STEPS
input (see above) defines the total number of moles
of this reaction to be added. The REACTION process
changes the total aqueous concentration of an element
by the stoichiometric coefficient (CREAC) times the
total moles of reaction (XSTEP). (However, the final
total concentration in the reaction solution may also
be altered by mass transfer to achieve equilibrium
with minerals specified in MINERALS input.) It is
necessary to consider the charge balance of the
reaction which is added. A charge imbalance by an
input error or by intent is equivalent to adding

acid or base. If the reaction is a simulation from

a known solution to another known solution it is
possible to add an inert electrical charge equal

to the difference in the charge imbalance between

the two solutions. Set LREAC(I) = 0, CREAC(I) =
Acharge imbalance (equivalents/kgHzo) and
THMEAN(I1)=0.0. This will eliminate implicit addi-
tion of acid or base. Card 8.a is repeated as

often as necessary to read NCOMPS (option card)
reaction constituents.

8.a. (LREAC(I), CREAC(I), THMEAN(I), I = 1,NCOMPS)
FORMAT 4(I4,2F8.3)

This
Four
Enoug

input defines a net stoichiometric reaction.
triples of numbers are read on each card.
h cards must be included to read NCOMPS triples

of numbers.

LREAC

(1) Index number of element for the reaction.
LREAC must be between 4 and 30 inclusive.
If LREAC is greater than 30 the program
considers this constituent to be Hy or
0, and only uses CREAC and THMEAN %below)
to change the oxidation state of the
reaction solution. (Right justified.)
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CREAC(I) Stoichiometric coefficient of the element
in the reaction.

THMEAN(I) The OPV of the element in the reaction
(e.g. carbon as carbonate: THMEAN = +4;
carbon as methane: THMEAN = -4; ferrous
iron: +2; and ferric iron: +3). An element
may be included more than once in a reaction
to accomodate different valence states of
the element.

The variables which affect a reaction simulation are
IOPT(3), NSTEPS, and NCOMPS from the option card,
REACTION input and STEPS input. The following examples
use the species index numbers from Attachment A.

i. Gypsum is added to the initial solution in 5 equal
increments of 0.005 moles, to a total of .025 moles.
Calcite equilibrium is maintained in each of the
five steps.

IOPT(3) = 4 (net reaction added linearly).
NSTEPS = 5 (5 reaction steps).

NCOMPS = 2 (2 constituents, Ca and S).
LREAC(1) = 4, CREAC(1l) = 1.0, THMEAN(1) = 0.0 (Ca),

LREAC(2) 16, CREAC(2) = 1.0, THMEAN(2) = 6.0 (S).
MINERALS input, calcite. :

XSTEP(1) = .025 (total moles of reaction to be added).

The total calcium at the completion of the first
reaction step is given by:

Ca = Ca L. + .005 + MIN .
tot tot(initial) calcite

ii. Suppose mass balance between two solutions shows
calcite, gypsum, and dolomite dissolving (+) and
precipitating (-) in proportions of -1:1.5:1.
The net reaction is written:

- 1 Ca -1¢C Calcite

+ 1.5 Ca + 1.5 8 Gypsum

+ 1Ca + 1 Mg 2 C Dolomite
1.5Ca + 1Mg +1C +1.58 NET

Three points along this posilb
by (arbitrarily) adding 107, 10
of the net reaction.

gath are modeled
, and 10~ moles
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9.

10.

IOPT(3) =3 (add net reaction in specified steps).
NSTEPS = 3 (number of steps).

NCOMPS = 4 (number of constituents in the reaction).
LREAC(1) = 4, CREAC(1) = 1.5, THMEAN(1) = 0.0 (Ca);
LREAC(2) = 5, CREAC(2) = 1.0, THMEAN(2) = 0.0 (Mg);
LREAC(3) = 15, CREAC(3) = 1.0, THMEAN(3) = 4.0 (C);
LREAC(4) = 16, CREAC(4) = 1.5, THMEAN(4) = 6.0 _(S).
XSTEP(1) = 10~%, XSTEP(2) = 1073, XSTEP(3) = 1072,

NEUTRAL

(Reaction increments in moles, reaction is not
cumulative.)

FORMAT (A8)

This input defines the elements to be used to
adjust the initial solution(s) to electrical
neutrality. One element with a master species
cation and one element with a master species
anion are input. H' and e  are not valid entries.
A master cation and anion are required in order
to add one or the other element according to the
charge imbalance. Species are not subtracted,
eliminating the possibility of negative total
concentrations. This input is required only if
I0PT(2) = 2. (Note that this is not equivalent
to adding or subtracting charge as discussed in
REACTION; remember that IOPT(2) = 0 will maintain
an original charge imbalance during a simulation.)

9.a. LPOS, LNEG

FORMAT (2I5)
LPOS Index number of an element with a cation
master species. (Right justified.)
LNEG Index number of an element with a anion
master species. (Right justified.)
SUMS FORMAT (A8)

This input sums molalities of aqueous species which
are then printed in the output of the run. These
sums do not affect the calculations in any way and
are never mandatory. These sums could, for example,
be used to define an alternate sum of species for
the alkalinity. The "sums” are defined by lists of
species numbers, so that each time a sequence number
for a species is listed, the sum is incremented by
the molality of that species. If the species has,
for example, two carbonate ions and the total car-
bonate is the sum which is desired then the species
should be listed twice in that sum. Up to 10 dif-
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11,

ferent sums may be defined. Each sum may have up
to 50 species, Cards 10.a and 10.b are required
for each sum. This input, after all sums have been
defined, must be terminated with one blank card.

As in LOOK MIN input the sums are kept for the
duration of the run but it is possible to add or
replace sums or delete the entire set in any single
simulation. Any sum input in this data block will
be added to the list of sums if the name (SUNAME)
is different from all other sum names. A sum with
the identical name will replace the sum already in
the list, The word DELETE as a sum name will elim-
inate all the sums known to the computer.

10.a. SUNAME, NSUM
FORMAT (A8,2X,12)

SUNAME  Alphanumeric name to be printed to identify
the sum.

NSUM The number of index numbers to be read on
card(s) 10.b; NSUM 50. (Right justified.)

10.b. (LSUM(I,J), J = 1, NSUM)
FORMAT (2014)
List of species numbers to define the sum. Twenty index
numbers are read on this card. The card may be repeated
as many times as necessary to input NSUM index numbers.

LStM Index numbers of species in sum. (Right
justified.)

Note: repeat cards 10.a and 10.b for each sum.

10.c. Blank card. One blank card at the end of all sums
is required to terminate this input.

KNOBS FORMAT(A8)

This input allows modification of some of the convergence criteria of
the program. In particular, DMAX, DMIN, RMAX, and RMIN allow setting
the maximum steps taken at each iteration for changes in pH and pe
and for changes in the activities of the master species. CNVRGI,
CNVRG2, and CHKMU modify the interaction of the two numerical
methods, the Newton-Raphson and the continuation method. The maximum
number of iterations allowed for a single simulation is controlled by
ITMAX. KNOBS input is optional and is intended to be used only if
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there are convergence problems. In general, smaller step sizes
adjusted by DMAX, DMIN, RMAX, and RMIN will be more reliable at the
expense of program speed. Adjustments to these variables and to ITMAX
should be made first. Adjustments to the other variables is probably
only necessary at very high ionic strengths where the theoretical
basis for the ion association model is dubious. The default values
used by the program are listed below.

1l.a. DMAX, DMIN, FUDGE, RMAX, RMIN, CNVRGl, CNVRG2, ITMAX, CHKMU
FORMAT (*) free format.

DMAX This parameter is numerically related to the largest allowable
decrease in pH and pe in one iteration. The formula for obtaining
the maximum decrease is -1oglO(1+DMAX). The default value for DMAX
is 10.0. The suggested range for this variable is 0.4 to 20.0.
Smaller values will cause the program to converge more slowly. The
corresponding maximum pH decreases for several values of DMAX are
listed here.

maximum allowed

DMAX decrease in pH and pe
20.0 -1.32
10.0 -1.04

5.0 -0.78

1.0 -0.30

0.4 -0.15

DMIN This parameter is numerically related to the largest allowable
increase in pH and pe in one iteration. The formula for obtaining
the maximum increase is -logl0(1-DMIN) . The default value for DMIN
is 0.7. DMIN must be between 0.0 and 1.0, exclusive of the extremes.
Small values will cause the program to converge more slowly. The
corresponding maximum pH increases for several values of DMIN are
listed here.

maximum allowed
DMIN increase in pH and pe
0.1 0.05
0.3 0.15
0.5 0.30
0.7 0.52
0.9 1.00

FUDGE is not used in this version of PHREEQE. It is set internally
by the program.
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RMAX is related to the maximum increase in the log of the activities
of master species other than pH and pe. The quantity 1oglO(RMAX+1)
is the maximum log increase in the activities of master species
allowed per iteration. The default value of RMAX is 20,
corresponding to a maximum increase of 1.32 log units in the activity
of master species in one iteration. The correspondence between
values of RMAX and maximum log increases in activity is the same as
given above for DMAX except that the sign is positive. (If DMAX is
interpreted in terms of loglO(aH+), the parallel is exact.) The
suggested range of RMAX is between 0.5 and 20.0. Small values will
cause the program to convergence more slowly.

RMIN is related to the maximum decrease in the log of the activities
of master species other than pH and pe. The quantity logl0(1-RMIN)
is the maximum log decrease allowed in the activities of the master
species per iteration. RMIN must be between 0.0 and 1.0, exclusive
of the extremes. The default value of RMIN is 0.9 corresponding to a
maximim decrease in the log of the activities of the master species of
-1.0. The correspondence between RMIN and the maximum log decrease
is the same as that given for DMIN above, except the sign is positive.

CNVGl This parameter applies to the Newton-Raphson technique.
PHREEQE requires the mass balance equations to be solved within a
given criterion before the electrical balance, electron balance, and
mineral equilibria equations are included. CNVGl is the fractional
error in mass balance allowed when including the other equations.
The default value of CNVGl is 0.1, implying that if more than a 10
percent error is detected in any of the mass balance equations, the
additional equations are not included in that iteration.

CNVG2 This parameter applies to the continuation numerical method.
PHREEQE requires the mass balance equations to be solved within a
given criterion before the Newton—-Raphson technique is used. CNVG2 is
the fractional error in mass balance allowed when invoking the
Newton-Raphson method. The default value is_ 10000.0, implying that
the Newton-Raphson method is used almost exclusively. In some
problems, the Newtorn—Raphson method does not converge because the
initial estimates of the activities of the master variables are not
close enough to the true activities. Setting CNVG2 to a number
between 0.001 and 1.0 may help. This would cause the program to use
the continuation method to find a solution to the mass balance
equations (within the limit set by CNVG2) before the Newton-Raphson
method is used.

ITMAX This variable sets the maximum number of iterations allowed

on any simulation before the program stops. The default value is 200
iterations. ,
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CHKMU This variable is compared to the change in ionic strength
between iterations. If the ionic strength is changing by more than
the fractional value of CHKMU, then no method is used and the same
values of the master variables are used in the next iteration. The
default value of 0.1 implies that until the ionic strength is
constant within 10 percent, no changes will be made in the master
variables. Sometimes it helps to have the ionic strength stabilized
like this and sometimes it leads to oscillations where the change in
activity coefficients is large enough to change the ionic strength by
a considerable amount. These problems generally occur at high ionic
strengths where the reliability of the program is questionable under
any circumstances.

12, END FORMAT (A8)
This card terminates input operations for a
single simulation. Initial solution(s) and
reaction solution(s) are computed as directed
by the preceeding input. Any computer run has
at least one END card.
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THERMODYNAMIC DATA BASE

Modeled results from PHREEQE are no better than the thermodynamic
data on which they are based. A preliminary thermodynamic data base
is given in Attachment A and includes 120 aqueous species (SPECIES
input) of 19 elements (ELEMENTS input). A preliminary LOOK MIN data
base for 24 minerals (including PCO ) is also given. The thermo-

2
dynamic data base has been adopted from various sources, but largely
from the recent compilation of Ball and others (1979) and Ball and
others (1980) in the equilibrium model WATEQ2. In the preliminary data
base the Debye-Hiickel ion size parameters (variable DHA) are taken from
Kielland (1937) when available. All other ion size parameters are zero.
(See IOPT(6) on input card A.2.) A comparison of the aqueous model of
WATEQ2 with other models in current use is given by Nordstrom and
others (1979).

Although the PHREEQE data base given in Attachment A has been
extensively tested against results from WATEQ2 and WATEQF (Plummer and
others, 1976), it is not documented in detail, and is intended only as
a preliminary data base which may be used for testing purposes. The
responsibility for final selection of thermodynamic data used by PHREEQE
rests with the user.

Organization Rules

Because the thermodynamic data base is defined separately from the
PHREEQE source code, the data base can be extensively altered provided
a few basic rules of its organization are followed. (1) The data base
for the aqueous phase is formulated in terms of an ion—pairing model.
(2) The appropriate data must be represented according to the formats
described earlier under ELEMENTS, SPECIES, and LOOK MIN (see MINERALS)
input. (3) The maximum number of elements that may be included in a
data base is 27. Index numbers for the elements must be greater than
or equal to 4 but less than or equal to 30. The index numbers for the
elements do not need to be consecutive or sequential. (4) The maximum
index number of a species is 250. SPECIES numbers 1, 2, and 3 are
required to be H', e”, and Hy0. There are no element numbers corres-—
ponding to species 1, 2, and 3. SPECIES 4-30 are designated master
species. There is one master species for each element and the index
number of a master species is that of the corresponding element.
SPECIES 31-250 represent other ions, complexes, or ion pairs which
are defined by ion association reactions involving species 1-30. (See
description of SPECIES input.) (5) LOOK MIN cards are optional, but
if included are limited to a maximum of 39 minerals.
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Changing the Data Base

Changes to the preliminary data base (Attachment A) can be made
with the input cards through use of ELEMENTS, SPECIES, and LOOK MIN
input. The more common types of changes to the preliminary data are
as follows:

1. Changing the value of the gram formula weight (GFW) of an analyzed
(input) constituent in solution.

Table 1 lists the elements, gram formula weights, and OPV used in
the preliminary data base (Attachment A). Because conversion of the ana-
lytical units of a water composition in ppm or mg/l to the unit of
molality (used internally by PHREEQE) depends on the gram formula weight
of the analyzed constituent, it is necessary to have each element con-
sistent with the stoichiometric formula for which it is reported in
the analysis. For example, silicon (element number 13, Table 1) is
sometimes reported as Si (GFW = 28.0855) rather than §i0, (GFW = 60.0848
in preliminary data base for PHREEQE). In order to use the reported ana-
lysis as Si, one could use ELEMENTS input to redefine the gram formula
weight as 28.0855, rather than 60.0848 (SiOz).

Using the data base in Attachment A, dissolved inorganic carbon
in the starting solution must be entered as total CO, (GFW = 44.0098).
If total titration alkalinity is entered (see IALK input under keyword
SOLUTION), it is necesary to use ELEMENTS input to change the pre-set
gram formula weight of CO, to the appropriate value of the equivalent
weight in which the alkal%nity is given. For example, if total titra-
tion alkalinity is given as mg/l CaCO3, the following input is required:
(1) ELEMENTS input to change the GFW of carbon (species number 15 in
the preliminary data set) to 50.0446 (equivalent weight of CaC0j),
(2) SOLUTION n input must show IUNITS = 2 (mg/l), and IALK = 15. (See
Description of Input section, keyword SOLUTION n, for an explanation
of IALK and IUNITS. See the Numerical Methods section for a discussion
of our definition of total alkalinity.)

2. Adding a new element to the data set.

In order to make PHREEQE calculations with a new element not
already present in the PHREEQE data set (Attachment A), ELEMENTS input
is required to a) define the name of the element, b) the element number,
and c) the gram formula weight in which the analytical data for the
element are reported. In addition, for each new element appropriate
SPECIES cards are required to define the ion-association model for
that new element.
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Table 1. — Elements data

Input formula

Gram corresponding
formula to gram formula Master Operational
Element  Number weight weight species valence
Ca 4 40.08 ca?t ca?t 0
Mg 5 24.305 Mgt Mgt 0
Na 6 22.9898 Nat Nat 0
K 7 39.0983 kt ' 0
Fe 8 55.847 Fe2t Fet? +2
Mn 9 54,9380 Mn2+ Mn2+ +2
Al 10 26.9815 a3t a3t 0
Ba 11 137.33 a2t BaZt 0
St 12 87.62 sr2t se2t 0
Si 13 60.0843 510, H,S10,, 0
cl 14 35.453 c1” c1” 0
c 15 44,0098 co, cog' +4
s 16 96.06 50, 505 +6
N 17 62.0049 NO, NO5 +5
B 18 10.81 B H4B0- 0
P 19 94.9714 PO, po, 0
F 20 18.9984 F- F- 0
Li 21 6.941 Lit Lit 0
Br 22 79.904 Br Br 0
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The required SPECIES input for a new element is identification
of a master species (numbers 4-30) with number corresponding to the
element number. (See SPECIES input.)

3. Adding a new species

Once an element (ELEMENTS, numbers 4-30) and its master species
(SPECIES, numbers 4-30) are defined, new species involving that element
may be added to the data set when written as ion association reactions
involving species 1-30. The number assigned to a species (31-250) must
be unique, but the order in which species are numbered need not be
consecutive. The numbering assigned to the species is used in the
sequence of printing the distribution of species.

4, Deleting a species from the data base.

For each species deleted from the data base, one card of type 2.a
(identifying the species number) followed by 1 blank card is required
under SPECIES input. The last card of SPECIES input is, as always, a
blank card (in addition to that for species deletion).

5. Changing SPECIES data.

The thermodynamic data base will always be in a state of revision.
The data for each species include information for calculating the indi-
vidual ion activity coefficient, log K, and standard enthalpy of reaction
for the formation of the species from the master species (species numbers
1-30). To change any part of the data base for a particular species
requires reading the complete set of SPECIES input cards for that species
(cards 2.a, 2.b, 2.c, and 2.d if KFLAG is 1; see description of SPECIES
input). Note that if the master species for a particular element
(species 4-30) is ever changed to another species of the same element,
all SPECIES data defining other complexes or ion pairs for that partic-
ular element will have to be revised to reflect the new association
reactions from a new master species. Master species 1-3 (H', e—, H20)
may not be changed.

6. Optional data in data base.

LOOK MIN and SUMS data may be included in the data base but are not
required. The preliminary data base includes LOOK MIN cards for 24 min-
erals. This complete LOOK MIN data set can be deleted by reading under
LOOK MIN input the word DELETE in columns 1-6 of card 4.a followed by a
blank card.
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To replace the preliminary LOOK MIN data set with a new one, again read
DELETE followed by the new LOOK MIN data set which may contain up to 39
minerals. As many as 15 new minerals may be added to the existing LOOK
MIN data base by simply including the new mineral cards (types 4.a and
4.b) under the LOOK MIN keyword. The last card under LOOK MIN input

is always blank. Although no SUMS cards are included in the preliminary
data base, SUMS cards may be included and updated in a manner identical
to LOOK MIN cards.
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PROGRAM LIMITATIONS

PHREEQE is an extremely general geochemical model and is applicable
to most hydrochemical environments. There are, however, several concep-
tual and numerical limitations which must be considered.

Water (Masses of H and 0)

Perhaps the single most important set of limitations on the calcu-
lations presented in this manual results from the fact that PHREEQE deals
with masses of elements in terms of their concentrations in the aqueous
phase and uses electrical neutrality and electron balance relations to
complete the set of equations needed to solve a given problem. A conse-
quence of this is that the masses of H and O are not considered in the
numerical solution to our set of simultaneous equations. Although this
does not pose a significant problem in the vast majority of systems to
which PHREEQE will be applied, there are certain artifacts of the computa-
tions that can, under certain circumstances, be misleading. These are
discussed below.

The basis for the mathematical treatment used here lies in the
historical development of PHREEQE, namely its derivation from WATEQ and
MIX2. For other computational approaches that include mass balance on
0 and H see Helgeson, and others (1970), or Wolery (1979).

1. Formation of 0, and/or H,

An obvious potential problem stemming from the lack of mass balance
on O and H lies in working with redox systems involving chemical reactions
that produce or consume H, or O9. Because the only constraints on Hy and
0y in the calculations are equilibrium and electron balance constraints,
there are no numerical limits on the ‘amounts of H, or 02 that can be
made or destroyed (mathematically) to satisfy the constraint in a given
simulation. If the masses of H, and 0, involved in chemical reactions
become significant relative to 1 kg of water, then the simulations may
begin to deviate significantly from reality.

In dealing with natural geochemical environments we are generally
limited by nature to environments that fall within the electrochemical
stability field of water. At one atmosphere partial pressure of H, the
solubility of the gas is on the order of 1 mmole/l, similarly the solu-
bility of Oy is also about 1 mmole/1l. Thus, in simulation of closed-
system reactions, the numerical errors involved in neglecting the formation
of Hy or 0, from water are negligible - considerably less than 0.0l percent
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of the water present in the system. Errors involved in simulation of
open—-system processes must be evaluated on an individual basis; however,
our feeling is that 0,/H, errors involved in modeling natural systems
will in general be small. If, on the other hand, PHREEQE were to be
applied to problems in corrosion chemistry or electrochemistry that
involve significant dissociation of water, significant differences
between computer simulations and real systems may arise.

2. Hydrated minerals

A second, and generally more significant, problem occurs if PHREEQE
is used to model systems in which large amounts of water are involved
in mineral precipitation or dissolution. The most obvious examples are
reactions occurring in brines; for example, equilibrium phase-boundary
precipitation of 1 mole of natron (Na2C0 . lOHZO) from 1 liter of solu-
tion would remove 10 moles of H,0 from tﬁe aqueous phase with a resulting
increase in concentration of constituents other than Na and C of about
20 percent (independent of other reactions). This increase in concen-
tration would not be taken into account in PHREEQE's present computation
system.

The "concentration error” will be on the order of 20 percent, the
actual errors introduced into the simulation may be greater, and will
be more difficult to evaluate. These errors will result from the effect
(unaccounted for by PHREEQE) of the loss of 10 moles of H,0 on both
the activity of water and the activity coefficients of the various
aqueous species. It is possible that these errors may cancel; on the
other hand they may reinforce each other. In the latter case, the
errors may become very significant. Thus, while PHREEQE is perfectly
capable of making brine-type calculations, extrapolation of these
calculations to the real world should be done on an individual basis,
and with extreme caution.

3. Evaporation

A few specific comments on techniques of evaporation simulation
runs, in addition to the above precautions, can be made at this time.
There are basically two ways to approach the problem of evaporation from
the point of view of computer coding, the choice depends entirely on

operator convenience:

a. The dissolved salts can be added as reactions in the appropriate
proportions, via REACTION. For example a solution containing

1 mmole each of Na+, K+, Cl™, and NO; could be "evaporated”
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simply by adding Na¥, K, C1~, and NO~ in equimolar amounts
to the desired concentration. 3

b. Evaporation can also be simulated by using the titration option
(IOPT(3) = 2) and titrating the system with minus Hy0 (-H30).

Convergence Problems

Due to the non-linear nature of the equations involved, on some
problems the program may not converge. This is much more likely to
occur in problems involving redox because of the fact that equilibrium
concentrations of some species can vary by more than 100 orders of
magnitude from a fully oxidizing to a fully reducing enviromment. In
general the less the redox potential of the solution has to change dur-
ing a simulation the better the convergence possibilities. If problems
arise, alternative paths to the same final solution should be tried if
possible. If some idea of the final solution characteristics is avail-
able, simply start the calculations with the same concentrations but
at a pH and pe close to the final anticipated composition. Also make
sure that the problem is truly a redox problem. If one is modeling an
NHZ solution and there is no need to consider NO; or other valences of
nitrogen, then the data base can be rewritten with NHZ as the master
species, eliminating all other valences of N, and the problem is con-
siderably simpler for the program to solve. (See ELEMENTS and SPECIES
input, and test problem number 1.)

The program has solved virtually all of the problems we have tried

to date. However, there is no numerical method which guarantees
convergence to a solution of these non-~linear equations. (See descrip-
tion of KNOBS input.)

Ion Exchange

There are two limitations in the way PHREEQE deals with ion
exchange — one primarily conceptual, the other numerical.

PHREEQE deals with ion exchange simply by fixing the activity
ratio of the exchangeable species:

e
Alaq) + Bex == Aex * B(aq)
a
B
_a a _ ex
Klex = B(aq)/ Ataq) = Kex —-

a
AEX
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The use of K' for a given exchange reaction is generally a necessity
because of the lack of thermodynamic data to define ag x and ap x in
e e

the solid phase. The use of K'_ _, and thus a fixed ratio of ag,, / a5,
is equivalent to assuming an infinite reservoir of exchanger with
constant solid phase composition. This assumption is not as extreme

as it first seems, because there are few natural environments for which
sufficient laboratory and field data are available to define in detail
exchange characteristics as a function of time and/or position.

A more important limitation in the use of K'e to describe exchange
processes arises if it is desired to work with excﬁange reactions that
involve two or more ions exchanging with the same third ion %2 solutigg.
For example, consider the possibility gf exchange of both Ca“’ and Mg
for Na' on an exchanger. The ratios a“, .+ / ap.2+ and

g Na (aq) Ca (aq)

z / 2+ for a given ay_+ specify the
“Mg (ad) & Na® (aq) °PECHY

Na (aq)

aCa2+(aq) / aMgz+(aq)

a
ratio. However, difficulties can arise depending

on which phase boundaries are specified in a particular problem. For
example, in the above example, it would not be unreasonable to try

to model the Ca, Mg — Na exchange reactions at equilibrium with calcite
and dolomite. Numerically, this problem cannot be solved for the fol-
lowing reason. The exchange reactions, for a given aNa+(éq)’ specify

/ aMg2+ ratio. Similarly, equilibrium with calcite

(aq) (aq)

and dolomite also specifies aCa2+

the aCaZ+

(aq) / aM82+(aq). If the two

ratios are not numerically equal, the system is not at equilibrium,
and PHREEQE cannot solve the equations. On the other hand, if the two
ratios are numerically equal, equilibrium obtains; however, in this
case, the number of equations exceeds the number of unknowns and again
PHREEQE cannot solve the equations (in this case the error message

THE GIBBS PHASE RULE HAS BEEN VIOLATED will appear). In real-world
systems the phase rule is not in fact violated; the necessary vari-
ability is provided by the fact that aAeX and aBex can change because

there is no physical constraint requiring constant exchanger composition.

Ways of circumventing this problem must be chosen by the operator
to fit individual situations. For example, in the above case the problem
might be dealt with by specifying equilibrium with Ca-Na exchange, Mg—Na
exchange, and calcite, then adding dolomite as a reactant until the
desired solution composition is reached.
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Water Stability Limits

Although in principle PHREEQE's calculations are not limited to
the water stability field, it should be pointed out that because O,,
Hy, and Hy0 are coupled via mass—action equations, the only way the
program can deal with solutions outside of the normal thermodynamic
stability limits of water (1 atmosphere total pressure) is to invoke
partial pressures of O, and H, greater than 1 atm. As these partial
pressures vary exponentially with the departure of pe from the water
stability boundary, calculated solution properties rapidly become
physically meaningless for comparison with natural environments.

This also brings up another caution for the PHREEQE user - posing
insoluble problems. Here we are referring not to mathematically insol-
uble problems, as in the ion-exchange section above, but to problems
that approach physicochemical absurdity. For example, one might attempt
to calculate the solubility of Fe (metal) at a pe of +10. PHREEQE
would in all probability be unable_to solve this problem because of
the enormously high activity of Fe(+ ) required for equilibrium.

aq
Thus, although no fundamental rules (such as the phase rule) are
violated, the problem, as posed, violates physical, if not mathemat-
ical, reality and will almost certainly cause the program to fail to
converge.

Titration and Mixing

In performing titration calculations, PHREEQE uses the relations

and
V.I.m:.L = Vlmi +V2m1 s
where,
V = volume of solution,
m; = total molality of element i in solution 1 or
solution 2, and
T = total.

The problem here lies in the fact that the above equations are valid
for volume and molarity or normality, but not for volume and molality.
The errors introduced in these calculations will be proportional to
to P -1, where p is the density of the solutions involved in the
titration.
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In general, the error involved here is negligible; however, again
caution must be exercised in attempting to simulate processes that
occur in brines.

Mixing problems are treated by PHREEQE in a physically hypothetical
manner; the volume of solution is assumed constant, and the total molal-

ity of an element in the final solution is simply given by

m. = xlmil + KoMy

1f 12
where
mij = molality of i in solution, j =1 or 2
Xy = fraction of solution 1 and 2 mixed;
X1+ %9 =1
1 2
f = final.

Activity of Water

The activity of water function used by PHREEQE is the same as that
used in WATEQ (Truesdell and Jones, 1974), taken originally from Garrels
and Christ (1965). The empirical equation is

I
i=1

I
where my is the sum of the molalities of dissolved anions, cations,
i=1
and neutral species. For numerical purposes, PHREEQE has a lower
numerical limit of 0.3 imposed, to prevent 3,0 from approaching zero

or going negative during intermediate iteration steps in which guesses

I
on 3 m; might be very high.
i=1

Uniqueness of Solutions

A final precaution should be discussed at this point. This is
really a general commentary on chemical modeling, and not unique to
the program PHREEQE.

Experience acquired to date in using PHREEQE to simulate natural
water systems has shown that in many cases a reaction, or reaction
path, that models a given set of observed chemical changes is not
mathematically unique. That is, the observed changes in water chemistry
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can often be modeled exactly by two or (in most cases) more distinct
reactions or reaction paths. Thus, the PHREEQE user really faces two

distinct questions: (1) can a model be found that simulates the desired
chemical system (natural or laboratory), and (2) if a satisfactory
model is found, is it the only model that simulates the system in
question? The second question is often as difficult to answer, and

as important, as the first.
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TEST PROBLEMS®

The test problems that follow are designed to illustrate ways of
setting up input decks for a wide range of problems that can be con-
sidered by PHREEQE. For each problem, the input data deck is listed
with a brief explanation. Printed results from PHREEQE are listed for
two test problems (1 and 4) which may be useful for comparison purposes
in making PHREEQE operational on other computer systems . Critical
details of the results of all the test problems are summarized and
discussed briefly.

Test Problem 1 - Changing the Data Base and Calculating the Distri-
bution of Species in Seawater.

In this first test case we are interested in using PHREEQE as a
model to calculate the distribution of species in a seawater sample.
The problem is complicated by the fact that the seawater analysis
(table 2) contains analytical data for NOE, NHZ, and U, The nitrogen
system in thi preliminary PHREEQE data base has been constructed to
calculate NH, and NO4 from total nitrogen, pe, pH and the aqueous
model. No thermodynamic data for uranium are included in the PHREEQE
preliminary data base. So in addition to solving for the distribution
of species in a seawater sample, this test case demonstrates:

1., How to reconstruct the existing data base for a particular element
to represent disequilibrium between oxidation states of the element;

and

2. How to add a new element (and associated aqueous model) to the
existing data base.

* For this version of the PHREEQE manual, results from test problem #1

were generated using the curreant FORTRAN 77 version and may be used
for comparison purposes. Similar, but not always identical, results
will be found for test problems 2 - 5, as these test cases have not
been updated in this version of the manual.
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Table 2. - Seawater composition-l/

Species of Concentration

Number element in ppm

4 Ca 412.3

5 Mg 1291.8

6 Na 10768.0

7 K 399.1

8 Fe 0.002

9 Mn 0.0002
10 Al 0.002
11 Ba ' 0.02
12 Sr 8.14
13 10, 4,28
14 Cl - 19353.0

15 Alk (as HCO4) 141.682 &
16 SO, 2712.0

17 NO4 0.290
18 B 4.45
19 PO, 0.06
20 F 1.39
21 Li 0.181
22 Br 67.3

23 b/ NH, 0.03
24 B/ U 0.0033

25°C, pH = 8.22, pe = 8.451, density = 1.023

1/ From Nordstrom and others (1979) with uranium added.

2/ Total titration alkalinity as HCO3. Added significant
figures for computational purposes only. (See Nordstrom
and others, 1979.) Note that ELEMENTS input is required
to change the gram formula weight of carbon (as COZ)
to the equivalent weight of the alkalinity species,
Hco;.

b/

"ELEMENTS" to be added to the data base. SPECIES input
will also be required.
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1. Existing nitrogen system in data base.

The nitrogen speciation is calculated from total nitrogen, pe, pH
and the aqueous model using No; as the master species (number 17).

Pertinent equilibria are listed in table 3.

Table 3. - Existing nitrogen data base

AH®

Species Reaction log K r
48 NO, NO3 + 2H' + 2e” = NO, + H,0 28.57  -43.76
49 N, 2N03 + 120" + 10e™ = N, + 6H,0 207.08  -312.13
50 NH, NO3 + 9HT + 8e” = NH3 + 3H,0 109.83  -174.58

+ - -+
51 NH, NOs + 10H" + 8™ = NH, + 3H,0 119.077 -187.055
- - 2= -
+ 4 ga- - _
o = 24+ o

Note that all the nitrogen reactions are written as association from NOj
in the existing data base.

2. Reconstructed nitrogen system.

- +
In the reconstructed nitrogen system, total NO5 and total NH, are
entered as separate "ELEMENTS". Two master species are used, No;

(number 17) and NHZ (number 23). For purposes of this example, we have
arbitrarily chosen to delete Ng from the aqueous model and to calculate

NO, from NOj. The reconstructed nitrogen equilibria are listed in table 4.
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Table 4. - Reconstructed nitrogen data base

Species Reaction log K T
48 NO, NOy + 2H' + 2¢” = NO, + H,0  28.57 ~43.76
49 - === - blank card to delete NZ --------------
50 NHs NH,, = NHg + B -9.244 12.47
o1 - = blank card to delete calculation of NHZ from Nog - ===
52 NSO,  NH, + S0, = NH,SO, 1.11 0.0
142 Mn(NO3); 2NO3 + Mn?* = Mn(NO5), 0.6 ~0.396

In the reconstructed data base we now have nitrogen speciation for
+ -
NH, and NO5 considered separately, with reactions written in terms of
+
the "new” master species, NH,. Although the thermodynamic data listed
here are realistic, they have been compiled from various sources and are

not documented. These data are given for example purposes only and
should be checked before application to specific problems.

3. Adding uranium to the data base.

In order to add a new element to the data base, the thermodynamic
data base for the aqueous model of that element must be compiled. This
is obviously no simple task and requires a critical evaluation of the
existing thermochemical literature for the particular element. The
uranium data listed below were compiled by F.J. Pearson, Jr. (personal
communication) largely from Langmuir (1978) and Baes and Mesmer (1976),
but have not been documented in detail. The aqueous data for uranium
are given below for example purposes and may not be complete enough for
application to seawater or solutions containing significant amounts of
dissolved phosphate and flouride.

In adding uranium to the data base, U4+ was chosen as the master
species (number 24). The (arbitrarily defined) species numbers, reac-—
tions, thermodynamic data for reactions, Debye-Hiickel activity coefficient
parameters, and estimates of species contributions to total alkalinity,
as used in the updated data base are listed in table 5.
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4. Optional LOOK MIN input

+
Because NO3 and NH, equilibria are calculated 1ndependent1y, and
we have independent analytical data for NO3 and NH4, we can use LOOK MIN

cards to calculate the apparent pe of the seawater sample as implied by
the NO3 - NH4 couple. The reaction of interest (from the preliminary

data base) is
log K AHO_

- - +
NO3 + 10HT + 8e™ = NH, + 3H,0 119.077 -187.055

The mass action expression is

NH * H,0

ayn . 10 . .8
NO3 a H+ a e-

Taking the logarithum of the mass action expression and solving for pe,
we have

pe = =~log a,;- = log K + log IAP
where log K = 119-077 - 14,885 , ano_ = 7187-055 - _»3.382,

8 8

and log IAP = 0.125 log ay,~ + 1.25 log a,+ - 0.125 log ay,,+ — 0.375
NO3 H g NH,
log agy g+ In order to calculate pe for the No; - NHZ couple using
2

LOOK MIN input, we enter the expression

- +
PENO3NH4 = 0.125 NO, + 1.25 H' - 0.125 NH, - 0.375 H,0 .

Normally, the data in LOOK MIN are used for calculation of mineral satur-
ation indices where the mineral on the left side of the equilibrium is
balanced in charge. In the reaction above, the "mineral” is e™, and

thus the program will print a non—-fatal warning that the mineral reaction
is not balanced in charge. By changing the sign of log K and AH®_ we can
use the log (IAP/K) LOOK MIN calculation to calculate pe for the reaction.
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Finally, having introduced uranium chemistry to the data base,
we can include LOOK MIN cards for uranium minerals (uraninite in this
case) in order to calculate their saturation state in seawater. The
uraninite reaction used in this test problem is:

U0y (uraninite) + 4H+ =

log K = =3.49 , AHC_ = -18.63 .

5. Card input data deck

The data set required to solve this particular problem includes
84 cards which are listed in table 6. Note that cards 7, 15, 18, 24
69, and 83 are blank. The card numbers, their type and general func-
tion are outlined as follows:

Card Number Type Function
1 A.1 Title information for the problem.
2 A.2 Option card - defines the type of calculations

to be made and type of input to follow.

3-7 B.1 ELEMENTS input defining the equivalent weight
of bicarbonate, and the gzam formula weights of
new elements U and N as U + and NH, .

4
+

8-16 B.2  SPECIES cards defining NH, and U** as master

species.
+

17-28 B.2 SPECIES cards re-defining NH, speciation.

29-69 B.2 SPECIES cards defining the uranium aqueous model
as given in table 5.

70-77 B.3 SOLUTION n cards defining solution 1 (seawater).

78-83 B.5 LOOK MIN cards for calculation of urininite
saturation, and pe from the Nog - NH4 couple.

84 B.11 END. Denotes end of input for this problem.

-60-



Table 6. ~ Card images of input data set for
test problem 1

—-61-



CARD NO. COLUMN

l0 20 30 40 50 6 0 70 80
B R e R N O R e L S R AR e L A L S e S S ARt o A

1 TEST PROBLEM #1 CHANGE DATA BASE AND SPECIATE SEAWATER.

2 000001000 0 O 0.0

3 ELEMENTS

4 C 15 61,0171 HCO3~

5 NH4 23 18.0386 NH4+

g U 24 238.029 U4+

8 SPECIES

9 23
10 NH4+ 100 1.0 -3.0 2.5 0.0
11 0.0 0.0
12 23 1.0
13 24
14 U4+ 100 +4.0 +4.0 0.0

15

16 24 1.0

17 49

18

19 50

20 NH3 AQ 200 0.0 -3.0 0.0 1.0
21 -9.244 12.47

22 23 1.0 1 -1.0

23 51

24

25 52

26 NH4SO4- 200 -1.0 3.0 0.0 0.0
27 1.11 0.0

28 23 1.0 16 1.0
29 188

30 u(oH)4 300 0.0 +4.0 0.0

31 -8.538 24.76

32 24 1.0 3 4.0 1 -4.0

33 189

34 U(OH)S5- 300 -1.0 +4.0 0.0 1.0
35 -13.147 27.58

36 24 1.0 3 5.0 1 -5.0

37 190

38 Uo2+ 400 +1.0 +5.0 0.0

39  -6.432 31.13

40 24 1.0 3 2.0 1 -4.0 .2 -1.0

41 191

42 UL=UO2+2 400 +2.0 +6.0 0.0

43 -9.217 34.43

44 24 1.0 3 2.0 1 -4.0 2 ~2.0

45 192 f

46 UL20H2+2 400 +2.0 +12.0 0.0 2.0
47 -24.060 32.82

48 24 2.0 3 6.0 1-10.0 2 -4.0

49 193

50 UL3OHS5+ 400 +1.0 +18.0 0.0 5.0

B R E o A N A ma a m o L A S e e R e RSt
10 20 30 4 0 50 60 70 8 0
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70

2.0

4.0

8 0

CARD NO. COLUMN
10 20 30 4 0 50 60
R R e A s A R S R s A R et
51 =-43.292 59.02
52 24 *3.0 3 11.0 1-17.0 2 -6.0
53 194
54 ULCO3 500 0.0 +10.0 0.0
55 0.847 35.27
56 24 1.0 3 2.0 15 1.0 1l -4.0 2 -2.0
57 195
58 ULC032~2 500 -2.0 +14.0 0.0
59 7.760 37.91 .
60 24 1.0 3 2.0 15 2.0 1l -4.0 2 -2,0
61 196
62 ULCO33-4 500 ~-4.0 +18.0 0.0
63 12.180 25.65
64 24 1.0 3 2.0 1s 3.0 1l -4.0 2 -2.0
65 197
66 ULOH+ 400 +1.0 +6.0 0.0
67 -14.999 45.445
68 24 1.0 3 3.0 1 -5.0 2 -2.0

69
70 SOLUTION 1

71 SEAWATER FROM NORDSTROM ET AL.

72 21 15 3 8
73 4 412.3
74 9:0.0002

75 14 19353.
76 19 0.06
77 24 .0033
78 LOOK MIN

79 URANINIT

80 24

81 PENO3NH4

82 17 0
83

84 END

(1979) TEST CASE IN PPM.

.22 8.451 25.0 1.023
5 1291.8 6 10768.0 7 399.1
10 0.002 11 0.02 12 8,14
0 15 141.682 16 2712.0 17 0.290
20 1.39 21 0.181 22 67.3
3 4.0 -3.49 -18.63 0
1.0 3 2.0 1 -4.0
4 1.0 ~-14.885 23.382
.125 1 1.25 23 -0.125 3 -0.375
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8 0.002
13 4.28
18 4.45
23 0.03



6. Output for test problem 1

Printed output for test problem 1 are reproduced in table 7.
The first two pages of the output list the input data set. The
listing of the input data set is performed during the read operation,
so that if there are coding errors, the error messages are closely
related to the source of the problem. Note that the print format for
the input data set may not contain the same number of significant fig-
ures as on the input cards.. (Card images of the input data set are
given in table 6). A warning is printed on the second page of output
noting lack of charge balance in LOOK MIN input for PENO3NH4. Nor-
mally this message indicates an error in coding LOOK MIN data, but in
this special case, as discussed above, there is no error when using
LOOK MIN for redox couples. Pages 2-6 of the output list (1) the
computed total molalities of the elements in seawater (computed from
ppm data), (2) the description of solution including pH, pe, water activ-
ity, ionic strength, temperature, charge imbalance (equivalents/kg H,0),
OPV state (THOR) of the solution (=3 m, v, for the solution; see Equil-

i

ibrium Equations), total alkalinity of the solution in equivalents per
kg H20, and the number of iterations through the aqueous model required
to solve the problem, (3) distribution of species which lists the
molality, activity, activity coefSicient and log values for all species
with molalities greater than 1073 , including the newly added uranium
species, and (4) LOOK MIN IAP which gives log IAP, log K and saturation
index (log IAP/K) for each mineral in the LOOK MIN data for which suf-
ficient chemical data were given to allow their calculation. Note that
the new minerals uraninite and PENO3NH4 appear in the list, and in the

case of PENO3NH4, pe from the NO3 - NHZ couple is 4.6743.

-64-



Table 7. -~ Printout from test problem 1
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DATA READ FROM DISK

ELEMENTS
SPECIES
LOCK MIN

1TEST PROBLEM #1 CHANGE DATA BASE AND SPECIATE SEAWATER.

0000010000
ELEMENTS
C

NH4

U

SPECIES
23
NH4+
0.000
23 1.000
24
U4+
0.000
24 1.000
49

50
NH3 AQ
=-9.244
23 1.000
51

52
NH4S04-
1.110
23 1.000
188
U(oH) 4
-8.538
24 1.000
189
U(0H)5-
-13.147
24 1.000
190
Uo2+
-6.432
24 1.000
191
UL=U02+2
-9.217
24 1.000
192
UL2CH2+42
-24.060
24 2.000
193
UL3CHS+
-43.292
24 3.000
194
ULCO3
0.847

00

15
23
24

0

100

0.00000

0.61017E+02
0.18039E+02
0.23803E+03
0.00000E+00

1.000 -3.

0.000 0.00000

100

4.000 4.

0.000 0.00000

000
200

0.000 0.
0.000 -3.

12.470 0.00000
1 -1.000

000

200

0.000 0.

1,000 3.

0.000 0.00000

16 1.000

300

0.000 4.

24.760 0.00000
3 4.000 1 -4.000

300

-1.000 4.

27.580 0.00000
3 5.000 1 -5.000

400

1.000 5.

31.130 0.00000
3 2.000 1 -4.000 2 -1.000

400

2.000 6.

34.430 0.00000
3 2.000 1 -4.000 2 -2.000

400

2.000 12.

32.820 0.00000
3 6.000 1-10.000 2 -4.000

400

1.000 18.

59.020 0.00000
3 11.000 1-17.000 2 -6.000

500

0.000 10.

35.270 0.00000
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000 2.500

0.00000

000
0.00000

000
000
0.00000

000

0.000

0.000

0.000

0.000

000 0.000

0.00000

000
0.00000

000
0.00000

000
0.00000

000
0.00000

000
0.00000

000
0.00000

000
0.00000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000
0.00000

0.000
0.00000
0.000
0.000
0.00000
0.000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000
0.000

0.000
0.00000

0.000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000

0.000
0.00000
0.000

1.000
0.00000

0.000
0.000
0.00000

0.000
0.00000

1.000
0.00000

0.000
0.00000

0.000
0.00000

2.000
0.00000

5.000
0.00000

2.000
0.00000



24 1.000 3 2.000 15 1.000 1 -4.000 2 -2.000
195
ULCO32-2 500 -2.000 14.000 0.000 0.000 0.000
7.760 37.910 0.00000 0.00000 0.00000 0.00000
lgg 1.000 3 2.000 15 2.000 1 -4.000 2 -2.000
ULCO33-4 500 -4.000 18.000 0.000 0.000 0.000
12.180 25.650 0.00000 0.00000 0.00000 0.00000
24 1.000 3 2.000 15 3.000 1 -4.000 2 -2.000
197
ULCH+ 400 1.000 6.000 0.000 0.000 0.000
-14.999 45.445 0.00000 0.00000 0.00000 0.00000
24 1.000 3 3.000 1 -5.000 2 -2.000
0
SOLUTION 1
SEAWATER FROM NORDSTROM ET AL. (1979) TEST CASE IN PPM.
21153 8.22 8.45 25.0 1.02
4 4.123D+02 5 1,292D+03 6 1.077D+04 7 3.991D+02 8
9 2.000D-04 10 2.000D-03 11 2.000D-02 12 8.140D+00 13
14 1.935D+04 15 1.417D+02 16 2.712D+03 17 2.900D-01 18
19 6.000D-02 20 1.390D+00 21 1.810D-01 22 6.730D+01 23
24 3.300D-03
LOCK MIN
URANINIT 3 -3.49 -18.6 0
24 1.00 3 2.00 1 -4.00
PENO3NH4 4 -14.9 23.4 0
17 0.125 1 1.25 23 -0.125 3 -0.375
0 0.000 0.000 0
**%%% WARNING: LOCK MINERAL NUMBER 28 PENO3NH4 REACTION
DOES NOT CHARGE BALANCE.
1SOLUTION NUMBER 1
SEAWATER FROM NORDSTROM ET AL. (1979) TEST CASE IN PPM.
TOTAL MOLALITIES OF ELEMENTS
ELEMENT MOLALITY LOG MOLALITY
ca 1.066184D-02 -1.9722
MG 5.508663D-02 -1.2590
NA 4.854521D-01 -0.3139
K 1.057963D-02 -1.9755
FE 3.711732D-08 -7.4304
MN 3.773146D-09 -8.4233
AL 7.682639D-08 -7.1145
BA 1.509423D-07 -6.8212
SR 9.628700D-05 -4,0164
SI 7.382939D-05 -4.1318
L 5.657725D-01 -0.2474
TOT ALK 2.406632D-03 -2.6186
s 2.926130D-02 -1.5337
N 4.847508D-06 -5.3145
B 4.266589D-04 -3.3699
4 6.547944D-07 -6.1839
F 7.583056D-05 -4.1202
LI 2.702732D-05 -4,5682
BR 8.729574D-04 -3.0590
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4.000
0.00000

6.000
0.00000

1.000
0.00000

2.000D-03
4.280D+00
4.450D+00
3.000D-02



NH4 1.723713D-06 -5.7635
U 1.436913D-08 -7.8426

———DESCRIPTION OF SOLUTION-—

PH = 8,2200
PE = 8.4510
ACTIVITY H20 =  0.9805
IONIC STRENGTH = 0.6799
TEMPERATURE = 25.0000
ELECTRICAL BALANCE =  9.4423D-05
THOR = 1.8412D-01
TOTAL ALKALINITY =  2,4066D-03
ITERATIONS = 14
TOTAL CARBON =  2.1343D-03

DISTRIBUTION OF SPECIES

I SPECIES Z MOLALITY LOG MOLAL ACTIVITY LOG ACT GAMMA  LOG GAM

1 B+ 1.0 8.066E-09 -8.093 6.026E-09 -8.220 7.470E-01 -0.127
2 E- -1.0 3.540E-09 -8.451 3.540E-09 -8.451 1.000E+00 0.000

3 H20 0.0 9.805e-01 -0.009 9.805E-01 -0.009 1.000E+00 0.000

4 CAt+2 2.0 9.438E-03 -2.025 2.353E-03 -2.628 2.493E-01 -0.603

5 MG+2 2.0 4.874e-02 -1.312 1,404E-02 -1.853 2.880E~01 -0.541

6 NA+ 1.0 4.788e-01 -0.320 3.381E-01 -0.471 7.061E-01 -0.151
7 K+ 1.0 1.041E-02 -1.983 6.476E-03 -2.189 6.223E-01 -0.206

8 FE+2 2.0 1.1198-14 -13.951 3.484E-15 -14.458 3.114E-01 -0.507

9 M2 2.0 2.114E-09 -8.675 6.583E-10 -9.182 3,114E-01 -0.507
10 AL+3 3.0 1.087E~-16 -15.964 7.874E-18 -17.104 7.244E-02 -1.140
11 BA+2 2.0 1.509g-07 -6.821 4.700E-08 -7,328 3.114E-01 -0.507
12 SR+2 2.0 7,930E-05 -4.101 1.936E-05 -4.713 2.441E-01 -0.612
13 H4SIO4 0.0 7.164E-05 -4.145 8.378E-05 -4.077 1.169E+00 0.068
14 CL~ -1.0 5.658E-01 -0.247 3.521E-01 -0.453 6.223E-01 -0.206
15 C03-2 -2.0 3.748E-05 -4.426 7.759E-06 -5.110 2.070E-01 -0.684
16 S04-2 -2.0 1,554g-02 -1.808 2.811E-03 -2.551 1.808E-01 -0.743
17 NO3- -1.0 4.847E-06 -5.314 3.621E-06 -5.441 7.470E-01 -0.127
18 H3BO3 0.0 3.712E-04 -3.430 4.341E-04 -3.362 1.169E+00 0.068
19 PO4-3 -3.0 3.308E-11 -10.480 2.396E-12 -11.620 7.244E-02 -1.140
20 F- -1.0 3.893e-05 -4.410 2.908E-05 -4.536 7.470E-01 -0.127
2] LI+ 1.0 2.670E-05 -4.573 1.995E-05 -4.700 7.470E-01 -0.127
22 BR- -1.0 8.730E-04 -3.059 6.521E-04 -3.186 7.470E-01 -0.127
23 NH4+ 1.0 1.572e-06 -5.804 1.174E-06 -5.930 7.470E-01 -0.127
24 U4+ 4.0 3.041E-55 -54.517 2.859E-57 -56.544 9.403E-03 -2.027
31 - -1.0 2.188E-06 -5.660 1.635E-06 -5.787 7.470E-01 -0.127
3232 A 0.0 3.303E-20 -19.481 3.863E-20 -19.413 1.169E4+00 0.068
34 HCO3- -1.0 1.478e-03 -2.830 9.969E-04 -3.001 6.745E-01 -0.171
50 N3 AD 0.0 9.500e-08 -7.022 1.111E-07 -6.954 1.169E+00 0.068
52 NH4SO4- -1.0 5.692E-08 -7.245 4.252E-08 -7.371 7.470E-01 -0.127
57 H2BO3- -1.0 5.549E-05 -4.256 4.145E-05 -4.382 7.470E-01 -0.127
65 HPO4-2 -2.0 1.029e-07 -6.988 3,203E-08 -7.494 3.114E-01 0.507
76 CACO3 0.0 2.622E-05 -4.581 3.067E-05 -4.513 1,169E+G0 0.068
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77
78
79
80
82
86
87
88
89
90
92
95
96
97
98
100
115
117
118
119
137
138
141
152
153
168
170
181
195
196

CAHCO3+
CASO4
CAPO4-
CAHPO4
CAF+

:

MGPO4-

MGF+
NACO3-
NAHOO3
NASO4-~
NAHPO4-

FE+3
FECH2+
FECH3
FECH4~

MNCL2
MNSO4
ALOH3
ALOH4-
SRS0O4
H35I104-
LISO4-
ULCO32-2
ULCO33-4

1.0 4.437E-05 -4.353 2.993E-05
0.0 1.152E-03 -2.939 1.347E-03
-1.0 2.172E-08 -7.663 1.622E-08
0.0 3.533E-08 -7.452 4.131E-08
1.0 7.977e-07 -6.098 5.959E-07
0.0 8.916E-05 -4.050 1.043E-04
1.0 2.192E-04 -3.659 1.637E-04
0.0 6.000E-03 -2.222 7.017E-03
-1.0 1.748E-07 -6.758. 1.306E-07
0.0 2.850E-07 -6.545 3.333E-07
1.0 3.610E-05 -4.442 2.697E-05
-1.0 6.509E-05 -4.186 4.863E-05
0.0 1.625E-04 -3.789 1.900E-04
-1.0 6.377E-03 -2.195 4.763E-03
-1.0 2.827E-08 -7.549 2.111E-08
-1.0 1.725E-04 -3.763 1.289E-04
3.0 1.262E-18 -17.899 9.143E-20
1.0 6.961E-09 -8.157 5.200E-09
0.0 8.501E-09 -8.071 9.941E-09
-1.0 2.166E-08 -7.664 1.618E-08
1.0 1.255e-09 -8.901 9.377E-10
0.0 7.669e~11 -10.115 8.968E-11
0.0 2.879e-10 -9.541 3.367E-10
0.0 2.901E-09 -8,537 3.393E-09
-1.0 7.390E-08 -7.131 5.521E-08
0.0 1.651E-05 -4.782 1.931E-05
-1.0 2.192E-06 -5.659 1.637E-06
-1.0 3.276E-07 -6.485 2.447E-07
-2.0 1.851E-09 -8.733 5.764E-10
-4.0 1.251E-08 -7.903 1.176E-10
——— LOOK MIN IAP -—
PHASE 1OG IAP LOG KT
CALCITE -7.7386 -8.4798
ARAGQNIT -7.7386 -8.3361
DOLOMITE -14.7015 -17.0900
SIDERITE -19.5681 -10.5700
RHODOCHR -14.2918 -10.4100
STRONTIT -9.8234 -9.2705
GYPSUM -5.1966 -4.6028
ANHYDRIT -5.1796 -4.3840
CELESTIT -7.2643 -6.5780
BARITE -9.8790 -9.9780
HYDROXAP -2.7541 -3.4210
FLUCRITE -11.7013 -10.9600
CHALCEDY -4.0598 -3.5230
QUARTZ -4.0598 -4.0060
GIBBSITE 7.5305 8.7700
KAOLINIT -39.0500 -36.9210
SEPIOLIT -39.0438 -40.0790
HEMATITE 11.2165 -4.0080
GOETHITE 5.6040 0.4860
FECH3A 5.5954 4.8910
PYRITE -202.0218 -18.4800
FES PPT -116.6909 -3.9150
VIVIANIT -66.6831 -36.0000
PCO2 -4.8609 -1.4679

—-H9—

-4.524
-2.871
-7.790
-7.384
-6.225
~3.982
-3.786
-2.154
-6.884
-6.477
-4.569
-4.313
-3.721
=-2.322
-7.675
-3.890
-19.039
-8.284
-8.003
~-7.791
-9.028
-10.047
-9.473
~8.469
~7.258
-4.714
-5.786
-6.611
~9.239
-9.929

6.745E-01
1.169E+00
7.470E-01
1.169E+00
7.470E-01
1.169E+00
7.470E-01
1.169E+00
7.470E-01
1.169E+00
7.470E-01
7.470E-01
1.169E+00
7.470E-01
7.470E-01
7.470E-01
7.244E-02
7.470E-01
1.169E+00
7.470E-01
7.470E-01
1.169E+00
1.169E+00
1.169E+00
7.470E-01
1.169E+00
7.470E-01
7.470E-01
3.114E-01
9.403E-03

LOG IAP/KT

0.7412
0.5974
2.3885
-8.9981
-3.8818
-0.5528
-0.5939
-0.7956
-0.6863
0.0990
0.6669
-0.7413
-0.5368
-0.0538
-1.2395
-2.1290
1.0352
15.2245
5.1180
0.7044
-183.5418
~112.7759
-30.6831
-3.3930

-0.171
0.068
-0.127
0.068
-0.127
0.068
-0.127
0.068
-0.127
0.068
-0.127
-0.127
0.068
-0.127
-0.127
-0.127
-1.140
-0.127
0.068
-0.127
-0.127
0.068
0.068
0.068
-0.127
0.068
-0.127
-0.127
-0.507
-2.027



02 GAS -19.4131 -2.9600 -16.4531

H2 GAS -36.4920 -3.1500 -33.3420
URANINIT -23.6809 -3.4900 =20.1909
PENO3NH4 -10.2107 -14.8850 4.6743
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Test Problem 2 - Mixing Zone Dolomitization

The second problem uses PHREEQE to investigate carbonate diagenetic
reactions that may occur in mixing zones between fresh carbonate ground-
water and seawater. Specifically we ask the following questions: (1)
what are the saturation indices of calcite and dolomite in a closed system
mixture containing 30 percent seawater and 70 percent limestone groundwater,
(2) what are the mass transfers of calcite and dolomite (per kg H20) if
the closed system mixture equilibrates with calcite and dolomite, and
(3) what is the mass transfer if the closed system mixture (for kinetic
reasons) equilibrates with calcite but not with dolomite?

To solve this problem we first need to define two solutions: (1) a
limestone groundwater (for this prgb%em we arbitrarily choose a water
in equilibrium with calcite at 107°°" atm PCOz)’ and (2) seawater. All
calculations are at 25°C.

Table 8 lists the input data set (47 cards) used to solve problem 2.
The problem has been divided into 4 parts, A, B, C, and D.

Part A (cards 1-13) constructs ths %imestone groundwater by equili-
brating pure water with calcite at 10 “°*Y atm PCO2 and 25°C. The problem

is defined by the option card (card 2) which determines that:

1. The pH of the initial solution (pure water) will be adjusted to
obtain charge balance (IOPT(2) = 1, we could also have used
I0PT(2) = 0).

2. The problem is one of equilibrating a starting solution with
minerals (IOPT(3) = 5).

3. The calculation is at constant temperature (IOPT(4) = 0).

4., pe is to be held constant because this is not a redox problem
(I0PT(5) = 0). The calculation could also be made with IOPT(5)
equal to 1, but more computation time would be required in calcu-
lation of pe (which has little meaning in this problem).

5. Activity coefficients are calculated using the Davies equation
(IOPT(6) = 1).

6. The solution calculated at the end of part A (the limestone ground-
water) is saved under Solution 1 for future use in the simulation
(I0PT(7) =1).

_72_



Table 8. - Card images of input data set for
test problem 2.

-73-



CARD NO, COLUMN

-
HMOWOSIAUL WD

b
W

NN b b s
HOWLK~NOWL

NN
(S R VN N

DN
WO

www
M- O

Wwwww
SOy e W

oW Ww
= O W

ok K S
Ve Wi

> b
~N o

10 20 30 40 50 60 70

80

T e RS nnn s R R AR L A Ra sl

TEST PROBLEM #2 PART A - CALCITE EQUILIBRIUM AT LOG PCO2 = -2.0 AND 25C,

015001100 o0 O 0.0
SOLUTION 1
PURE WATER
0 00 7.0 4.0 25.0 1.0
MINERALS
FIX PCO2 2 4.0 -1.466 -4.708 0 -2.0
35 1.0 3 -1.0
CALCITE 2 4.0 ~-8.47 -2.58 1
15 1.0 4 1.0
13.543 -0.0401 -3000.0
END
TEST PROBLEM #2 PART B - CLOSED SYSTEM MIXTURE OF PREVIOUS SOLN WITH SEAWATER
021001100 1 O 0.0
ELEMENTS
o 15 61.0171
SI 13 96.1147
SOLUTION 2
SEA WATER
10 15 3 8.22 8.451 25.0 1.023
4 412.3 5 1291.8 6 10768. 7 399.1 14 19353.
16 2712. 12 8.1 13 6.85 18 4.5 15 141.7
STEPS
0.7
NEUTRAL
6 14
END

TEST PROBLEM #2 PART C - EQUILIBRATE MIXTURE WITH CALCITE AND DOLOMITE.
005001000 O0 O 0.0

MINERALS

CALCITE 2 4.0 -8.47 -2.58 1
15 1.0 4 1.0

13.543 -0.0401 -3000.0

DOLOMITE 3 8.0 -17.020 -8.29 0

4 1.0 5 1.0 15 2.0

END

TEST PROBLEM #2 PART D - EQUILIBRATE MIXTURE WITH CALCITE ONLY.

005001000 o0 O 0.0

MINERALS

CALCITE 2 4.0 -8.47 -2.58 1
15 1.0 4 1.0

13.543 -0.0401 -3000.0

END
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Cards 3-5 define pure water as the starting solution 1 and cards 6-12
define the MINERALS (phase boundaries) with which the starting solution
will be equilibrated. Card 13 denotes the end of input for Part A.

Part B defines solution 2 (seawater), includes an example of the
use of ELEMENTS input for changing gram formula weights for input of
analytical data, uses NEUTRAL input to charge balance the starting
solution, and makes one closed system mixture of 70 percent solution 1
(groundwater) and 30 percent solution 2 (seawater). The problem is
defined by the option card (card 15), and by keyword input in ELEMENTS,
SOLUTION, STEPS, and NEUTRAL. Comments are as follows:

1. The totals of one of the elements in the starting solution are to
be adjusted to obtain a charge balanced seawater rather than alter
the reported pH (IOPT(2) = 2). NEUTRAL input is included (cards 27,
28) to define that either Na or Cl are to be added to obtain charge
balance.

2. The problem is one of mixing solution 1 with solution 2 (IOPT(3) = 1).
There will be one mixture (NSTEPS on card 15, column 12 is 1) and
the fraction of solution 1 in the mixture is 0.7 (STEPS input, cards
25-26).

3. The calculations are isothermal (IOPT(4) = 0), pe is to remain con-
stant (IOPT(5) = 0), activity coefficients are calculated using the
Davies equation (IOPT(6) = 1), and the final solution — the solved
closed system mixture - is to be retained in solution 1 at the end
of part B (IOPT(7) = 1).

4. Cards 16-19 use ELEMENTS input to change the gram formula weight
of the silica analytical data from SiOz to H4SiOQ, and carbon to
equivalent weight of HCO; because total titration alkalinity as

HCO; is entered.

5. Cards 20-24 define the totals of the major elements in seawater
entered in SOLUTION 2 (taken from table 2). The last card of part
B is END (card 29).

Part C (cards 30-39) equilibrates the closed system mixture (saved
at the end of part B) with calcite and dolomite. The problem is defined
with the option card (card 31) and other keyword input as follows:

1. pH of the starting solution is not adjusted for charge balance,

because the charge balanced solution and pH were determined at the
end of part B (IOPT(2) = 0).
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2. The problem is one of equilibrating solution 1 with minerals
(I0PT(3) = 5).

3. The remaining options are as before except that IOPT(7) = O so
that solution 1 (saved at the end of part B) will not be changed
at the end of part C. Thus the closed system mixture (saved at
the end of part B) can be used again in part D.

4. Cards 32-38 of part C define the MINERALS calcite and dolomite for
equilibration with the closed system mixture, and card 39 denotes
the END of input for part C.

Part D (cards 40-47) is identical to part C except only one MINERAL

(calcite) is equilibrated with the closed system mixture saved from
part B.

The results of test problem 2 are summarized in table 9, which
shows that the closed system mixture is undersaturated with calcite and
oversaturated with dolomite (part B). It is interesting to note that
the thermodynamics of the system indicate that rather large amounts of
calcite should dissolve accompanying the formation of dolomite (part C),
but if dolomite fails to precipitate from the mixture, very little mass
transfer can actually occur (part D).
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Test Problem 3. - Pyrite Oxidation

This problem investigates the irreversible reaction of oxygen
with pyrite. pH is buffered by equilibrium with calcite, and total
iron in solution is controlled by goethite equilibrium. Solution
composition, pH, pe and mass transfer are calculated for 0.0, 1.0,
5.0, 10.0, and 50.0 net mmols of oxygen added per kg HZO‘

The input data set (19 cards) to solve problem 3 is listed in
table 10. The calculations to be made are again defined by the option
card (card 2) and keyword input:

1. The starting solution is pure water (cards 3-5) and the pH is
adjusted for charge balance (IOPT(2) = 1).

2. A net stoichiometric reaction is added in specified reaction
steps (IOPT(3) = 3). There are 5 reaction steps (NSTEP = 5;
column 12 of card 2). There is one component in the reaction
(02) (NCOMPS = 1; column 14, card 2).

3. The reaction is isothermal at the temperature of solution 1
(IOPT(4) =0).

4. pe is to be calculated a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>